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SEASONAL CHANGES IN PLASMA ANTIDIURETIC ACTIVITY 
PRODUCED BY A STANDARD HEAT STIMULUS 


By W. V. MACFARLANE anp KATHLEEN W. ROBINSON 


From the Sir William MacGregor School of Physiology, 
University of Queensland 


(Received 9 April 1956) 


A seasonal rhythm has been observed in red cell count and metabolite 
concentration of the blood of man and of animals (Hermann & Zentner, 1933; 
Bazett, Sunderman, Doupe & Scott, 1940; Mukherjee & Bhattacharya, 1952; 
Mehrotra, Mullick & Kehar, 1954). Conley & Nickerson (1945) reported that 
distribution and exchange of the water of the body was influenced by 
variations in environmental temperatures. Seasonal fluctuation in the 
ete the thyroid and adrenal glands has also been observed (Nalbandov, 
1953; “Maqsood, 1954; Robinson, Howard & Macfarlane, 1955). Itoh (1954) 
found that antidiuretic activity appeared in the blood of rats during exposure 
to heat. This was accompanied by a reduction in antidiuretic content of the 
pituitary gland during winter, but not in warm seasons. He inferred, from 
these findings, that antidiuretic hormone production by the pituitary is high 
in summer. From these various observations, it appears that seasonal changes 
in blood composition are closely linked with endocrine activity, particularly 
that of the adrenal cortex and the pituitary. 

In an investigation on rats (Robinson & Macfarlane, 1956) it was found that 
the antidiuretic activity of plasma was increased during dehydration produced 
by heat. The present paper provides evidence that this increase varies in 
amount seasonally. Both man and the sheep exhibit this behaviour. These 
findings suggest a seasonal rhythm in water reserve, which determines the 
degree of plasma concentration developed during a standard heat exposure 
and consequently the amount of antidiuretic activity in the blood. 


METHODS 


Four healthy young human adults, three males and one female, and one Merino-Romney cross- 
bred sheep were exposed for 4hr to a standard hot atmosphere (105° F=40-5° C dry bulb, 
88° F =31° C wet bulb, 30 mm Hg vapour pressure). This procedure was repeated each three 
months during the year. Subjects rested for half an hour before entering the hot room and duri 
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the heating period they sat quietly. Normal fluid intake was allowed up to'3 hr before the 
commencement of the day’s experiment. A sandwich lunch was eaten by each human subject 
2 hr after heat exposure began, but the sheep was given no food on experimental days. 

Immediately before entering the hot room (ante-room readings) and at hourly intervals there- 
after blood was taken into a heparinized syringe from an antecubital vein in man, and from the 
jugular vein of the sheep. Antidiuretic activity, protein, Na, K and Cl concentrations and osmotic 
pressure were measured in the plasma. Hourly measurements were also made of oral temperature 
by clinical thermometer; of skin temperature by thermocouples placed on forehead, forearm, and 
chest; and of evaporative loss by weighing subjects on a Sauter balance sensitive to I g (measure- 
ments being adjusted for food intake and urine output). 

Antidiuretic activity of plasma was determined by a modification of the method of Dicker 
(1953). Male rate weighing 200+ 10 g, starved 16 hr before the test, were hydrated with an oral 
dose of 12% ethanol solution, 5 ml./100 g body weight. 30 min later a similar dose of water at 
body temperature was administered by a stomach tube. The bladder was catheterized, the 
external jugular vein cannulated with 0-8 mm diameter polythene tube and an indwelling stomach 
tube inserted. Urine was collected in a 5 ml. measuring cylinder, graduated to 0-05 ml., and 
readings were made at 10 min intervals. The animal was constantly hydrated with 2% ethanol 
solution by stomach tube, the amount administered from a microburette at 10 min intervals 
being equal in volume to the urine passed in the previous 10 min. When a steady rate of urine 
flow had been obtained (0-15-0-2 ml./min) intravenous injections of vasopressin or of plasma from 
the experimental subjects were made into the jugular cannula. Plasma ‘vas separated by centri- 
fuge and injected within 20 min of sampling. The volume used was 0-2 ml. plasma/100 g body 
weight washed through with 165 mm NaCl to give a total injected volume of 0-25 ml./100 g body 
wéight of rat. When greater activity than 80 yu./ml. plasma was found or expected, 0-1 ml./100 g 
body weight of plasma was injected and the volume was made up with saline to 0-25 ml./100 g 
body weight. 

Assays were made by injecting a standard dose of vasopressin (Pitressin, Parke Davis, 10 or 
20 uu./100 g body weight) and following this in 40-60 min with the unknown plasma. The range 
from 10 to 30 wu./100 g body weight on the response curve was aimed at in the assay, and nearly 
all the estimations fell on that part of the curve; higher estimations were repeated with half the 
dose of plasma. A further known dose of vasopressin was given after two unknowns had been 
estimated. 20 min urine volumes were measured before and after injection of standard solution or 
of unknown plasma. The reduction of urine flow was proportional to the logarithm of vasopressin 
dosage. (Pitressin was compared with Infundin, Burroughs Wellcome, which was found to be 
within 10% of the activity of Pitressin on the lower side.) 

The nature of the material producing antidiuresis in the rat is not conclusively known. Evidence 
that it may be the pituitary antidiuretic hormone is derived from the following observations: 
(1) time-action curves follow each other closely in a comparison of active plasma with vasopressin 
from the pituitary ; (2) dose-response curves on 2 plus 2 dose assays run parallel, for active plasma 
and vasopressin ; (3) inactivation by thioglycollic acid takes place to the same degree when active 
plasma and vasopressin of equivalent antidiuretic activity are exposed to the same amounts of 
inactivating acid—all heat-induced antidiuretic activity can be abolished by this agent. 

Rats were found to be singularly uniform in their behaviour. Seasonal changes and exposure to 
heat and cold did not significantly change their responses to vasopressin (Robinson & Macfarlane, 
1956). The logarithmic dose-response curve (Fig. 1) for 200 g male rats showed good linearity and 
the standard deviations were not greater than 6%. The method of assay did not discriminate 
concentrations below 20 yu./ml. of plasma, but concentrations of 25 yu./ml. or more were 
reproducible to better than 10%. ; 

The plasma protein content of the blood was estimated by Abbé refractometer; Na and K by 
flame spectrophotometry (Wynn, Simon, Morris, McDonald & Denton, 1950); Cl by electrometric 
titration according to the method of Best (1929), and osmotic pressure changes by thermistor 
measurements of freezing-point depression, accurate to 0-005° C. 
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Control experiments were made on all subjects. For this purpose a temperature of 75° F (24° C) 
dry bulb, 61° F (16° C) wet bulb was used, since this is comfortably within the neutral zone for 
white people at 274° 8 latitude. A similar control measurement was made on the sheep. These 
estimations were made to determine whether the environment of the room and the blood sampling 
procedure changed antidiuretic activity. 
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60h" 


455 10 20 «30 «40 50 
piu. vasopressin/100 g body weight 


Fig. 1. The relation between percentage reduction in urine flow and dose of vasopressin (log scale). 
Each point represents the mean antidiuretic response of 200 g rats. Numerals beside each 
point show the number of estimations made at each dose level. One standard deviation 
from this mean is indicated by @ vertical line at each point. The antidiuretic response 
represents the percentage reduction in urine volume occurring during 20 min after injection 
of vasopressin, relative to the volume passed in 20 min before injection. 


RESULTS 


Controls at 24°C. Subjects resting in a neutral environment at 24° C air 
temperature showed no measurably significant change of plasma antidiuretic 
activity over 4 hr (Fig. 2). These measurements were made during the summer 
months, The sheep, standing or sitting, reacted in the same way. 

Seasonal measurements at 40-5° C on resting subjects. In Fig. 2 is set out, for 
various months of the year, the estimated amount of antidiuretic activity in 
the plasma of the subjects before the beginning and at the end of a 4 hr 
exposure to the standard hot atmosphere. Plasma antidiuretic activity was 
low in the ante-room samples: the initial values averaged 37yu./ml. (range 
20-60.n./ml.) in summer and all readings except one were less than 20uu./ml. 
in the cool months (Table 1). 

In contrast, during the hotter months, December to April, exposure to an 
atmosphere of 40-5 C for 4 hr increased the plasma antidiuretic activity as 
high as 200uu./ml. vasopressin equivalent, with an average rise for four 
subjects above initial values of 75 +42uu./ml. (range 55-140yuu./ml.) During 
the cooler months, May to November inclusive, the same exposure to heat was 
almost ineffective in increasing plasma antidiuretic activity. Plasma antj- 
diuretic activity responses after 4 hr in the hot atmosphere in winter — all 


6 
6 
12 
Cc 
2 
12 
= 20 
3 | 
a 
4 


4 W. V. MACFARLANE AND KATHLEEN W. ROBINSON 


below 70nu./ml., with an average rise during heating of 11 + 12yu./ml. (range 
0-30u./ml.). 

Ante-room rates of urine flow were 0-7-1:8 ml./min. During the period of 
heating urine flow was reduced so that in the summer period two subjects 
reached an average rate of 0-3 ml./min during 4 hr heating and flow rates 
ranged up to 0-7 ml./min in summer and to 0-9 ml./min in winter. 

The seasonal rhythm in plasma antidiuretic activity during a standard heat 
load is illustrated in Fig. 3. Both man and sheep behaved similarly, although 
the effect appeared to be less in the sheep than in man. The mean monthly 


Control 24° C Heat exposure 4 hr at 40-5C 


2740 240 2 40 :2'°40 
Hours 
Fig. 2, Seasonal variation in the effect of exposure to heat on plasma protein concentration and 
antidiuretic activity. The latter is expressed as ju. of vasopressin. In the first column control 
values for plasma protein % (©), and yuu. A.D.a./ml. plasma, (@), are plotted for four human 
subjects and for one sheep. The subsequent five columns show the effect of exposure to heat 
at different times of the year. From May to November little or no change in antidiuretic 
_ activity occurred (charts enclosed within the heavy line) but from December to April a 
definite increase took place. 
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maximum dry-bulb temperature and minimum effective temperature for 
Brisbane have been plotted above the histograms. It will be seen that the 
large antidiuretic activity responses correspond with months of high tempera- 
ture and high humidity. Although an occasional day temperature of 85° F 
(29-3° C) occurred during November, it was not until December that significant 
antidiuretic activity appeared during these experiments. Similarly, it 


TaBue 1, Seasonal variations in the effect of exposure to heat on plasma constituents, 
body temperature and evaporative loss 


Difference of initial ignificance of 
Mean initial values from 4 hr values —Apr.: 
Plasma and 8.D, (man) at 40-5° C May—Nov. 
constituents A A —, ces 
Dec.—Apr. May-Nov. May-Nov. P (¢t test) 
Plasma protein All 66404 65 1406 401 0 
(g, % (w/¥)) (0-3 O1401)*  <0-01 
» Males 66 +04 6-6 i103 0-2 +0-4 0-2 +01 0 
(0-3 +0-2 0-1 +0-2)* 0-05 
Total osmotic All 0-56 + 0-02 0-58 +0-04 0-04+004 -00140-01 <0-01 
pressure A°C Males 0-56+0-01 0-60 + 0-04 0-044005 -0-02+0-01 <0-01 
Cl (m-equiv/l.) All - 110 +3 110. +3 14 420 -0 +46 - 0-05 
_ Males 112 i4 112) 47 ll +16 -3 +65 0-05 
Na (m-equiv/l.) All 1463 429 1476 +08 17430 +11 +39 <0-2 
Males 1456 425 147-2 09 +57 -19 +57 0-4 
K (m-equiv/l.) All 4374049 43941033 0184048  0-05+40-30 0-5 
Males 4584026 4414040 -003i016 0-0840-39 <0-5 
A.D.A. (wu./ml) All 37 +20 <20 75 +42 ll +12 <0-001 
(range 60- (one 70, (range (range 
<20) others <20) 140-55) 30-0 
Males 32 +19 <20 88 422 12 +14 <0-001 
_ Oraltemp. (°F) Al 98:3 40-7 981 +08 13 +06 1-7 40-7 0-2 
Males 98:2 97-3 +0-7 13 +05 19 0-05 
(°C) (36-8 40-33) (36-4 +039) (0-9240-28) (1-0640-28) 
Evaporative All 256 i435 256 +51 0 
loss (g/hr) Males eee 3 = 262 +437 261 +58 0 


* Difference between 2nd and 4th hour measurements. 

The initial values of human plasma constituents, oral temperature and water loss are given as 
means, for the hot season (December to April) and for the colder period (May to November). The 
differences between the initial and the 4 hr values are given as arithmetic means and standard 
deviations and the significance of the difference between the hot and the cooler seasons has been 
subjected to Student’s test. For plasma proteins the difference (marked *) between 2 and 4 hr 
readings is presented as well as that between 0 and 4 hr. The increase in antidiuretic activity 
(4.D.4.) during the hot season is associated with concentration of plasma protein (2nd to 4th hour), 
increased osmotic pressure, and increased chloride concentration. 


persisted until April, which is one month after the period of high effective 
- temperatures. There appeared to be a lag, relative to ambient temperature, 
of about one month in onset and cessation of the effect described. Subjectively, 
discomfort from heat began to appear in December and ceased by the end of 
April. Table 2 illustrates the rapid changes of mean temperature occurring 
between October and November, and during Apru. ine antidiuretic activity 
response followed the rapid rate of temperature change, by about one month. 
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Anti-diuretic activity (#u./ml.) 


~ 


j 

July Sept. Dec Feb. Mar. July Mar. July 

Fig. 3. Seasonal rhythm in plasma antidiurétic activity during a standard heat load: [), initial 
A.D.A.; Mf, 4.D.4. after 4 hr; Ej, a.p.a, after exercise; x—, mean max. temp,; x - - -, mean 
effective temp. The open columns represent the initial a.p.a. values of the plasma; and the 
black columns the a.pD.a. present after 4 hr at 105° F (40-5° C). Columns with dotted lines 
above indicate that the values were below 20 yu./ml. of plasma. Each histogram chart 
represents one subject. Seasonal effective temperature and the 3 p.m. maximum is plotted 
above the upper histograms. The rise of a.p.a. on heating correlates with high ambient 
temperature and high effective temperature. In the lower right histogram the effect of 
exercise (walking at 4 m.p.h. for 4 periods of 10 min at 105° F) is shown. The mean monthly 
maximum effective temperature in March was 66° F (18-9° C) and in July, 45° F (7-2° C). 
A.D.A. increase with exercise was 80 yu./ml. higher in March than in July. | 
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A more detailed picture of the blood changes occurring during heat exposure 
in summer and in winter is obtained from Table 1, where oral temperature 
and evaporative loss are included. The data represent mean responses of all 
human subjects grouped from December to April (the hot months) and May to 
November (cooler months). The initial values for all parameters except anti- 
diuretic activity were substantially the same at all seasons, though plasma 
proteins varied in the initial samples over 0-4° without obvious cause. The 
differences produced in plasma K and Na by 4 hr heating were insignificant. 


TaBLe 2. Rapid changes of mean ambient temperature during late spring and late autumn 


- Mean max. Effective Mean max. Effective 
temp temp. temp, temp 
° ° C ° F ° F ° C ° Cc 
September 72 22-2 51 10-5 February 82 2746 62 16-6 
October 75 23-8 53 11-6 March 84 28-7 66 18-9 
November 81 270 61 16-1 ey 79 26-0 59 15-0 
December 82 27-6 63 17-2 y 73 22-7 55 12-8 


Plasma Cl became more concentrated after heating by an average of 14 m- 
equiv/l. during the December-April measurements, but no change was 
induced in the cooler months. A similar-mean change was found in the 4 hr 
rise of A 0-04° C in osmotic pressure in summer-autumn, in contrast with a fall 
of A —0-01° C in the winter-spring period. This difference represents 28 m- 
osmole/l. or approximately 14 m-mole/l. of NaCl. Plasma proteins were 
usually diluted during the first 30-60 min of heating, then from the 2nd to the 
4th hour (when antidiuretic activity appeared) they were concentrated by 
a mean value of 0-3 in summer and 0-1% in the cooler months. Oral 
temperatures in males rose 0-6° F (0-33° C) higher in winter than in summer, 
but evaporative loss in these resting subjects was not significantly different 
during the hot and the cool seasons. 

The results have been calculated for all subjects and for males separately. 
The reason for this may be seen in the chart for BH April (Fig. 2). In this 
experiment the female subject began with 70u./ml. antidiuretic activity in 
the plasma and a plasma protein level of 6-7%. The plasma antidiuretic 
activity and protein concentration fell rapidly throughout the 4 hr of heating 
and the final measurements were 20uu./ml. antidiuretic activity and 53% 
plasma protein. Oral temperature was initially low (98° F =36-7° C) on this 
occasion, which was the second day of the menses. The other measurements 
were made during progestational phases of the cycle, when oral temperatures 
were initially 99-0-99-4° F (37-2-37-4° C) and they rose I° F (0-56° C) during 
4 hr of heating. During the latter experiments the plasma protein and anti- 
diuretic activity responses to heat followed those shown by the male subjects. 

Exercise at 40-5° 0. During March. (hot season) two malf subjects were 
exercised at 4 miles/hr on a treadmill for four periods of 10 min each while 
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exposed to heat for 4 hr. The plasma antidiuretic activity rose to 200 and 
180yu./ml. respectively and concentration of plasma occurred: corresponding 
urine flows averaged 0-40 and 0-87 ml./min during the period of heating. These 
subjects (Fig. 3) following the same exercise and heat regime in July (winter) 
showed less rise of antidiuretic activity, 110 and 120uu./ml.: urine flow 
averaged 0-65 and 0-90 ml./min. 


DISCUSSION | 
By using plasma, quickly separated and injected intravenously into rats 
within 20 min, it is likely that the method of assay measured antidiuretic 
hormone and not 5-hydroxytryptamine or other antidiuretic substances 


(Erspamer & Sala, 1954). This is supported by the parallel dose-response curves 


of antidiuretic activity and vasopressin, as well as by their almost identical 
time-flow curves (Gaddum, 1953). Both are inactivated by thioglycollic 
acid (Van Dyke, Chow, Greep & Rothen, 1942). ‘ 

The control periods of sampling in a neutral thermal environment show that 
neither man nor sheep was sufficiently affected by the procedures to produce 
emotional antidiuresis. Plasma antidiuretic activity was on the average twice 
as high in the morning, before heating began, during the hot months, as it was 
in the winter. These resting values for antidiuretic activity during summer were 
associated with low urine output. Assuming 31. of plasma and 37yu./ml. 
antidiuretic activity, there would be a total of 111 m-u. Pitressin-equivalent 
in the plasma. The small urine outputs, with flow rates of 0-4-0-8 ml./min, 
which occurred during the day in the hot months and during heating, would 
be consistent with this antidiuretic activity. Chalmers, Lewis & Pawan (1951) 
produced urine flows of 0-5-1-5 ml./min in man by injection of 20-200 m-u. 
Pitressin. We have observed urine flow rates of 0-4-0-9 ml./min in normal, 
unhydrated adults, for 2 hr after intravenous injection of 1000 m-u. Pitressin 


(unpublished), The amounts of plasma antidiuretic activity reported for 


summer subjects are compatible with the observed production of 600-800 ml. 
of urine in 24 hr, and 150-300 ml. during a 4 hr period of high temperature. 
The resting antidiuretic activity found in plasma under the conditions of our 
measurements in winter was less than 20,u./ml. This is consistent with the 
urine volumes of 900-2000 ml./24 hr found in adults in the cool months. 

In assessing the seasonal responses to 40-5° C it is clear that the plasma of 


all subjects contained more antidiuretic activity during the period December > 


to April than from May to November. The average increase was seven times 
greater in December—April than in May—November for man (Table 1), and 
over three times greater in the sheep. The chief exception to this pattern arose 
during measurements made on the second day of menstruation in one subject. 
Since water retention occurs during the premenstrual phase of the cycle it 
seems probable that heat precipitated a discharge of water from ‘intracellular 
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sources to dilute plasma proteins during the low progesterone phase of 
menstruation. (Greene & Dalton, 1953). The commonly observed menstrual 
diuresis would correspond with such a fall of antidiuretic activity. Plasma C1, 
Na and K concentration increased during this measurement so there may have 
been @ greater discharge of intracellular electrolytes than of water, or renal 
retention of electrolytes may have occurred. This aspect of the investigation 
requires further study. 


, Stimulus to prodyction of plasma antidiuretic activity 
_ During the December—April measurements osmotic pressure and plasma ~ 
chloride concentration increased significantly after 4hr heating. Plasma 
protein concentration increased only after the second hour, and in several 
experiments the final concentration was not as high as that initially found. It 
seems from this that a change in water distribution is of more importance for 
production of antidiuretic activity than the absolute value of plasma 
coycentration. 

Since skin temperatures rose rapidly, and in less than 60 min were within 
1° F (0-56° C) of their final value, there was no indication that receptors in the 
skin or hypothalamus were directly stimulated by heat to cause increased 
plasma antidiuretic activity, for the increase occurred 14-3 hr after the rise 
of skin temperature. Body temperature, also, could not have been the 
immediate stimulus, for the average oral temperature rose 0-6° F (0-33° C) 
higher in the cool than in the hot season, yet antidiuretic activity was seven 
times less in the cooler months. The higher body temperature produced in 
winter by heating probably represents a higher winter heat production, for 
evaporative loss was the same at all sampling periods. 

There is an increased extracellular volume in hydrated subjects in a hot 
environment (Bazett et al. 1940). Intracellular hydration is probably deter- 
mined, however, by adrenal cortical hormone activity. Measurements made 
in this laboratory (Robinson ef al. 1955) have shown that there is a 30% 
reduction in human 17-ketosteroid output during summer, relative to winter, 
at latitude 274° S. On the other hand, preliminary measurements indicate 
that aldosterone and 17-OH steroid output is increased in summer, relative 
to winter. Collins, Hellmann, Jones & Lunnon (1955) have detected aldo- 
sterone in the urine of heated human subjects, and urine Na/K ratio is 34% 
lower in summer than in winter (Macfarlane, 1956). Mach, Fabre, Duckert, 
- Borth & Ducommiun (1954) report that aldosterone causes water to pass from 
the cellular to the extracellular space in man. This process would account for 
the haemodilution and lowered Na/K ratio of urine > rN the = 
hour in the experiments reported (Fig. 2). In winter the loss of water as sweé 
on heating seems to be Selenaed es cell water entering the blood. Yet in 
summer haemoconcentration occuts after 2 hr heating from water lost as 
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sweat equal to that lost in winter. Cell water is probably not available during 
summer in sufficient amounts to prevent plasma concentration. 

Ecologically, the seasonal fluxes of antidiuretic activity are of interest. The 
mammals concerned have antidiuretic plasma when dehydration is likely to 
occur, in summer. But a hot day in winter, in spite of evaporative water loss 
and a reduced extracellular space, seems to be compensated from other water 
reserves, without plasma antidiuretic activity being called upon to save water. 


SUMMARY 


1. Seasonal changes are recorded in plasma Na, K, Cl, osmotic pressure, 
protein and antidiuretic activity of four resting humans and one sheep during 
a 4hr exposure to a standard hot iG cist (40-5° C, 30 mm Hg vapour 
pressure). 

2. When heating took place in summer and autumn (December to April) 
plasma protein concentration and plasma osmotic pressure rose in both species 
and an increase from an average value of 37yu./ml. to 112u./ml. of anti- 
diuretic activity was observed in human plasma. In winter and spring (May 


to November) with the same degree of heating, there was no concentration of 


plasma and only one-seventh of the summer increase in antidiuretic activity 
of the plasma occurred. Exercise at 40-5° C in summer and winter increased 
plasma antidiuretic activity more than heat alone. 


We wish to acknowledge the tolerant endurance of our colleagues who were the subjects of these 
measurements; and the technical assistance given by the laboratory staff. This work was assisted 
by a grant from the Australian Meat Board. 
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ANTITHROMBIN IN BRAIN TISSUE 
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Quick (1940) reported that the extraction of brain tissue with acetone or dioxan 
increased its thromboplastic activity and gave a product which was much more 
constant in potency. This observation has been confirmed by various workers. 
Thus, using tissue thromboplastin prepared by saline extraction of fresh brain 
(Quick, Stanley-Brown & Bancroft, 1935), the one-stage prothrombin time of 
fresh normal plasma has been found to vary between 15 and 20 seconds. On the 
other hand, a time of 11-124 seconds has been recorded in the presence of tissue 
thromboplastin suspension prepared from acetone-dried brain. Hitherto no 
explanation for the difference in the activity of the two preparations has been 
offered, and hence the action of acetone on brain tissue remained obscure. 

In the present work, we have demonstrated the presence in fresh brain of a 
blood clotting inhibitor which is extracted with acetone. We have also investi- 
gated the nature of its anticoagulant activity. 


METHODS 
Materials 
Fresh human brain was divided into two parts and the following three reagents prepared from it. 
Thromboplastin from fresh brain. This was prepared from one part as described by Owren (1949). 
The resulting susponsion gave a one-stage prothrombin time of 15-5 sec when tested on fresh 
undiluted normal citrated plasma. 


Thromboplastin from acetone-dried brain. The second portion of the brain was ground in a 


mortar with three times its volume of acetone (Macfarlane & Biggs, 1955). After 10-15 min this | 


was filtered on a Buchner funnel. The residue was re-extracted four times with acetone and finally 
dried at 37° C for 16 hr. For preparing thromboplastin suspension, 0-15 g of the dried material was 


suspended in 5 ml. 0-9% NaCl and incubated at 50° C for 20 min (Quick, 1961) during which period 


the mixture was shaken frequently. Coarse particles were removed by centrifuging at 1500 rev/ 
"min for 30 sec. Quick’s one-stage plasma prothrombin time obtained on using this thromboplastin 
preparation was 11-5 sec. 

Acetone-extract of brain. The acetone-extract from the preceding preparation was filtered and the 
acetone only removed completely by distillation im vacuo. After centrifuging at 5000 rev/min for 
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10min, the supernatant solution was diluted with 0-9% NaCl so that each 4ml. of the final solution 
was derived from 1 g brain. This final dilution was used in testing the effect of the acetone-extract 
on blood clotting teste. 

Fibrinogen prepared by the ether precipitation method of Kekwick, MacKay & Record (1946) 
was supplied by the Lister Institute. A solution was used containing 150 mg/100 ml. 0-9% NaCl. 
Bovine thrombin topical (Parke Davis and Co.) was diluted with 0-9% NaCl to give the required 
concentration, as mentioned in Tables 1 and 3. The reagents used in the thromboplastin generation 
test were prepared as described by Biggs & Macfarlane (1953) with the exception of aluminium 
hydroxide suspension which was prepared according to Quick (1951). 


Blood clotting tests 

These were carried out, as described below, at a temperature of 37° C using 8 x 75 mm tubes. 

Whole blood clotting time. To each of four tubes, containing 0-1 ml. of 0-9% NaCl (or material 
tested), 6-9 ml. venous blood was added. The tubes were tilted in turn at 30 sec intervals until the 
blood ceased to flow, the clotting time being recorded from the moment the blood entered the 
syringe used for its withdrawal. The average of the four tests was recorded. 

Plasma clotting time. To 0-1 ml. fresh citrated plasma, 0-1 ml. 0-9% NaCl (or material tested) 
was added, followed by 0-1 ml. 0-025 m-CaCl,. A stop-watch was started on the addition of the 
latter and the mixture examined for clotting by tilting the tubes at 15 sec intervals, The average of 
two teste was recorded (Table 2). 

One-stage plasma prothrombin time. Fresh citrated plasma (0-1 ml.) was mixed with 0-1 ml. 
0-9% NaCl (or material tested) and 0-1 ml. suspension of brain thromboplastin. After warming 
the mixture to 37° C, 0-1 ml. 0-025 m-CaCl, was added and the clotting time recorded. 

Thrombin-fibrinogen reaction. To 0-4 ml, fibrinogen solution was added 0-1 ml. 0-9% NaCl (or 
material tested), followed by 0-1 ml. thrombin solution, and the clotting time recorded. 

Thromboplastin generation test. This was carried out essentially as described by Biggs & Douglas 
(1953). One volume of the acetane-extract was mixed with equal volumes of diluted (1:5) alumi- 
nium hydroxide-treated normal plasma, diluted (1:10) normal serum and platelet suspension, and 
then one volume of 0-025 m-CaCl, was added. The activity of plasma thromboplastin produced in 
this mixture after 6, 8 and 10 min was compared with a control where the acetone-extract was 
replaced by 0-9% NaCl. The activity was determined by taking 0-1 ml. of the above reaction 
mixture together with 0-1 ml. 0-025 m-CaCl, and adding them simultaneously to 0-1 ml. 
citrated plasma (substrate) at 37°C. A clotting time of 10 sec was considered to denote 100% 
activity. The activity of the different solutions of plasma thromboplastin was arrived at from a 
previously constructed dilution curve. To detect any direct effect on platelets, plasma or serum, the 
acetone-extract was incubated separately with each of these reagents for 6 min and the mixture 
then used in the thromboplastin generation test. 


RESULTS 


The effect of thromboplastins from fresh and acetone-dried brain on the thrombin- 
Table 1 that the thromboplastin obtained from fresh 
brain retards the action of thrombin on fibrinogen, while that from acetone- 
dried material has no effect on this reaction. . 

The effect of acetone-extract of brain on the blood clotting and plasma clotting 
times. Table 2 demonstrates that the acetone-extract obtained from brain 
retards not only whole blood and plasma clotting times of normal blood, but 
also of blood obtained from haemophilic patients and patients with Christmas 
disease, 
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The effect of acetone-extraction of brain on the one-stage prothrombin time and 
the thrombin-fibrinogen reaction. Table 3 presents the results obtained when the 
acetone-extract of brain was included in these two reactions. The inhibitory 
effect of the acetone-extract on both tests is well illustrated. Further study 
showed that the activation of tissue thromboplastin with factor V or normal 
serum (factor VII) was not inhibited by the acetone-extract. Moreover, 
incubation of the extract with tissue thromboplastin suspension, fibrinogen 


Tasie 1. The effect of thromboplastins from fresh and acetone-dried brain on the thrombin- 


fibrinogen reaction 
Clotting time* (sec) 
10 units 6 units 
Substance added to fibrinogen. thrombin/ml, thrombin/ml. 
0-9% NaCl 13 19 
Thromboplastin from fresh brain 16 24 
Thromboplastin from acetone-dried brain 13 194 


* In each case the average of four experiments. 


TaBLE 2. The effect of acetone-extract of brain on whole blood and plasma clotting times 


time (min) sec) 
Source of blood Saline = extract Saline extract. 
Normal 54 7 150 240 
Normal 6 84 165 
Normal 120 210 
Christmas disease 22 27 405 
Haem 44 51 660 735 
TaB.E 3. The effect of acetone-extract of brain on the one-stage prothrombin time and the 
thrombin-fibrinogen reaction 
Clotting time* (sec) 
A | 
Test Saline extract 
One-stage prothrombin time, using: 
Thromboplastin from acetone-dried brain 14 19 
Thromboplastin from fresh brain 18 234 
Thrombin-fibrinogen reactiont ll 21 


* The average of four experiments in each case. 
t+ Thrombin solution contained 20 units per ml. 


“solution or thrombin solution did not increase its inhibitory effect, thus 
denoting that no combination took place between the extract and these 
reagents. 

The effect of brain acetone-extract on the generation of plasma thromboplastin. 
The amount of plasma thromboplastin generated after incubating the reaction 
mixture for 6 min at 37° C was markedly inhibited in the presence of acetone- 

extract of brain. Taking the control activity, measured in the presence of 
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0-9% NaCl, as 100% (clotting time of 10 sec), the average activity in the 
presence of acetone-extract was only 30° of this (clotting time of 174 sec). 
However, if the incubation period was extended to 8 and 10 min, the thrombo- 
plastic activity in the presence of the acetone-extract was increased to approxi- 
mately 60 and 90%, respectively, of that of the control. Furthermore, in 
another experiment (Table 4) the plasma thromboplastin produced after 
incubating for 6 min was found to vary according to the time of incorporating 
the acetone-extract into the reaction mixture. Diminished formation of 
plasma thromboplastin resulted when the acetone-extract was added before or 
1 min after the addition of CaCl, On the other hand, the extract exerted 
practically no inhibitory effect when added 2 min or more after the CaCl, 
(Table 4). 


Taste 4. The effect of acetone-extract of brain on the generation of plasma thromboplastin. 
Time of adding acetone-extract to Clotting timet 
reaction mixture* (sec) 


Before addition of CaCl, 17 
1 min after CaCl, 19h 
2 min after CaCl, ll 
3 min after CaCl, ll 
6 min after CaCl, 


* In each experiment equal volumes of diluted (1:5) aluminium hydroxide-treated normal 
plasma, diluted (f:10) normal serum and platelet suspension were mixed and then one volume of 
0-025m-CaCl, was added. Acetone-extract of brain was added as indicated. 

t The activity of plasma thromboplastin produced was tested after incubating for 6 min; a 
saline control clotted the substrate in 10 sec. 


Since thrombin has been found to accelerate the formation of plasma throm- 


_ boplastin (Biggs & Macfarlane, 1953) it was concluded from these experiments 


that the acetone-extract hindered the action of the small quantity of thrombin 
formed at the beginning of the reaction and thus delayed the formation of 
plasma thromboplastin, but did not materially affect its final concentration, 
which was reached after incubating for 10 min instead of after 6 min. The 
slight difference between the thromboplastic activity in the presence of 
acetone-extract (11sec) and in the saline control (10 sec) observed after 
incubating for 10 min could be accounted for by the relatively weak inhibitory 
action of the acetone-extract, as a result of being diluted 1:5 with the other 
reagents, on the activity of the thrombin formed in the citrated plasma (sub- 
strate) by the action of thromboplastin on prothrombin. Additional support 
for this view was provided by experiments which indicated that the above- 
mentioned effect of the acetone-extract on the generation of plasma thrombo- 
plastin was not affected by preliminary incubation with various blood clotting 
factors—platelets, plasma and serum. | 

Activity of acetone-extracts obtained from other tissues. Acetone-extracts of 
human platelets, citrated plasma and red blood cells were prepared in the 


sia 
d 
? 
f 


16 F. NOUR-ELDIN AND JOHN F. WILKINSON 


same way as described for brain. These extracts had no inhibitory effect on any 
of the blood clotting tests. 

The stability of acetone-extract from brain. Neither freeze drying nor heating 
for 20 min at 60° C diminished the anticoagulant activity of the brain acetone- 
extract. No loss of activity was observed after storage at 4°C for one month. 

Heparin content of acetone-extract from brain. An equal volume of a solution 
containing 25 mg toluidine blue or 10 mg protamine sulphate per 100 ml. did 


not reduce the antithrombin activity of the acetone-extract, thus denoting — 


the absence of heparin or heparin-like anticoagulant. 


DISCUSSION 


The acetone-extract obtained from fresh brain was found to retard whole blood 


_ clotting time, plasma clotting time and the one-stage plasma prothrombin time 
(Tables 2 and 3). The extract did not inhibit the activation of tissue thrombo- 
plastin by either factor V or factor VII. This, in addition to its inhibitory effect 
on the thrombin-fibrinogen reaction, indicated that its action was concerned 
only with counteracting the action of thrombin on fibrinogen. Its lack of effect 
on the generation of plasma thromboplastin (after an incubation period of 
10 min) led to the same conclusion. The anticoagulant had no heparin-like 
action since its activity was not counteracted by toluidine blue or protamine 
sulphate. 

That the inhibitory action manifested by the acetone-extract was due to the 
presence of an extractable anticoagulant in fresh brain and was not produced 
as a result of the action of the acetone itself was apparent from the fact that 
thromboplastin from fresh brain inhibited the thrombin-fjbrinogen reaction 
(Table 1). This view was supported by the absence of such anticoagulant 
activity in acetone extracts of platelets, plasma and red blood cells. 

The presence in brain of this antithrombin and of other substances which 
appeared to hinder the precipitation of antihaemophilic globulin (Nour-Eldin 
& Wilkinson, 1956) with potassium phosphate buffer (Butler & Montgomery, 
1932) would appear to explain why acetone dehydration, contrary to expecta- 
tion, increases the thromboplastic activity of brain tissue. 


SUMMARY 
1. The increased thromboplastic activity of brain after acetone extraction 
is due to the removal of a stable anticoagulant. 
2. This anticoagulant inhibits the action of thrombin. 
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PROTEIN SECRETION AND PHOSPHATE TURNOVER IN THE 
: PHOSPHOLIPIDS IN SALIVARY GLANDS IN VITRO 
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When protein secretion is stimulated in pancreas slices by cholinergic agents or 
by pancreozymin there is a marked increase in the incorporation of *P into 
the phospholipids, particularly in the inositol-containing lipids (Hokin & 
Hokin, 1953, 19546, 19556, 1956a). This increased incorporation of **P into 
the phospholipids is due to an increased turnover of phosphate in preformed 
phospholipid rather than to an increased synthesis of phospholipid de novo 
(Hokin & Hokin, 19546, 1956). 

If the turnover of phosphate in the phospholipids is a link in the process of 
protein secretion in general, an increased incorporation of **P into the phos- 
pholipids should always accompany the stimulation of protein secretion, 
irrespective of the stimulant. This paper describes studies on protein secretion 
and phosphate turnover in the phospholipids in slices of parotid and sub- 
maxillary glands incubated in vitro. It has been found that acetylcholine or 
adrenaline stimulate mucin secretion in submaxillary slices and amylase 
secretion in parotid slices. In both tissues the stimulation of protein secretion is 
associated with a marked increase in the incorporation of **P into the phospho- 
lipids. These observations on protein secretion and the incorporation of **P 
into the phospholipids of slices of salivary glands give further support to the 
hypothesis (Hokin & Hokin, 19564, 6) that phosphate turnover in the phos- 
pholipids plays a functional role in protein secretion. 


METHODS 
Source of experimental material 
Submaxillary glands of rabbits and parotid glands of rabbits and guinea-pigs were used. In older 
animals these organs contain a considerable quantity of connective tissue, which reduces the 
accuracy with which protein secretion can be measured. Therefore in most experiments young 
animals were chosen, even though less tissue was available. The animals were given food ad lib. 
unless otherwise indicated. 
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Preparation, incubation and subsequent treatment of tissues 

The animals were killed by a blow on the back of the neck; both parotid and submaxillary 
glands were quickly removed and placed in chilled saline. The glands were freed of most of the 
connective tissue and sliced by the method of Stadie & Riggs (1944). Slices from the surfaces of 
the glands were rejected. The slices were derived either entirely from a single gland or from equal 
portions of each gland. 

When protein secretion was measured, the slices were first pre-incubated in oxygenated saline 
(Krebs & Henseleit, 1932) containing 200 mg/100 ml. glucose for 30 min at 37° C and then trans- 
ferred to the final incubation vessels. The preliminary incubation removes from the slices a 
substantial amount of protein which is probably derived mainly from damaged cells. The slices 
were shaken in stoppered conical flasks for 2 hr at 37° C in 3-0 ml. of bicarbonate saline gassed 
with 5% CO, in O,. All vessels contained glucose 200 mg/100 ml. Other agents were added as 
indicated. Ascorbic acid (final concn. 10~-*m) was always added with either adrenaline or noradrena- 
line to prevent their oxidation. In ‘radioactive experiments’ 10-20 yc of NaH,*PO, were added. 
When respiration was measured the Medium III of Krebs (1950) was substituted for bicarbonate 
saline, and the tissues were incubated in Warburg vessels containing alkali in the centre well and 
oxygen in the gas phase. 

The methods for the determination of the specific activities of the phospholipids and acid 
soluble phosphate esters have been described in detail in earlier publications (Hokin & Hokin, 
1953, 19546, 19564). All specific activities are corrected to a value which would be obtained if the 
specific activity of the inorganic phosphorus in the medium were 100,000 counts/min/yg P. 

Blix, Svennerholm & Werner (1952) have shown that submaxillary mucin éontains chondro- 
samine (galactosamine), A method was developed in which mucin secretion could be followed by 
measuring the protein-bound chondrosamine. After incubation of submaxillary tissue the slices 
were removed and the media centrifuged to remove particles of tissue which could not be readily 
removed with a forceps. 2-0 ml. samples of the media were then added to 2-0 ml. of 20% trichloro- 
acetic acid. After standing at room temperature for at least 2 hr, the samples were centrifuged 
at about 20,000g at 5°C in an angle centrifuge. The residue was washed once with 5 % trichloroacetic 
acid and then hydrolysed in 1-0 ml. of 5 x-HCl at 100° C for 6 hr. The hydrolysates were then 
evaporated to dryness in vacuo over KOH. Hexosamine was estimated according to the method 
of Elson & Morgan (1933). Using the Beckman model DU spectrophotometer the coloured product 
gave the same absorption spectrum as pure hexosamine. The colours were routinely read in a 
Fisher colorimeter with a 525 my filter. The hexosamine content was calculated from a standard 
curve obtained using samples of pure glucosamine. The use of glucosamine as a standard is 
justified by the fact that glucosamine and galactosamine give the same quantity of chromophore 
per mole of amino sugar. After incubation of parotid gland slices, samples of the media were 
diluted with water and assayed for amylase as described previously (Hokin, 1951a, 6). 


RESULTS* 
Mucin secretion and the incorporation of *P into the phospholipids 
of slices of rabbit submazillary gland 
Cholinergic agents stimulated both the secretion of mucin and the incorpora- 
tion of *P into the phospholipids in rabbit submaxillary slices (Table 1). 
Maximally effective concentrations of cholinergic agents stimulated the 
incorporation of **P into the phospholipids about three to fivefold. In the 
experiments shown in Table 1, cholinergic agents increased the quantity of 
mucin extruded into the medium to 150-300 % of the control, although in 


some experiments this quantity was increased as much as 500% — 
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results in Table 1 with those in Table 4). Tetraethylpyrophosphate (TEPP) 
was as effective as ACh (with TEPP) in increasing the incorporation of *P into 
the phospholipids, indicating that the endogenous acetylcholine which 
accumulates on addition of TEPP is sufficient to give maximal stimulation of 
32P incorporation into the phospholipids. 

To gain @ better idea of the minimal quantity of cholinergic agent required 
to stimulate phosphate turnover in the phospholipids, submaxillary slices 
were incubated in contact with carbamylcholine with no added anticholin- 
esterase. (Carbamylcholine is not hydrolysed by cholinesterase, and in the 
* absence of any anticholinesterase the quantities of endogenous ACh in the 
tissue should be very low.) In Expt.3 of Table 1 are shown the effects of 


TaB_e 1, Effects of cholinergic drugs on mucin secretion and on the incorporation of **P 
into the phospholipids of rabbit submaxillary slices 
Mucin in medium 


(pg hexosamine/ phospholipids 
Expt. no. Additions 100 mg tissue) (counts/min/pg P) 

1 J 

2 None — 135 
10-*u-TEPP 464 
10-*u-TEPP 459 
10-7m-ACh 
10-*u-TEPP 478 
10-*m-ACh 
10-*u-TEPP 492 
10-*m™-ACh 

3 None 318 
3-3 x 10-%m-CCh 268 
3-3 x 10-*m-CCh 261 
3-3 x 10-*m-CCh 412 
3-3 x 599 
3:3 x 10-*u-CCh 1100 

4 None 9-2 : 326 
3-3 x 10-*m-CCh 14-0 791 
3-3 x 10-*m-CCh 13-8 940 
3-3 x 10-*m-CCh 13-8 1060 


carbamylcholine (in concentrations ranging from 3-3 x 10- to 3-3 x 10-®m) on 
the incorporation of **P into the phospholipids. The minimal concentration of 
carbamylcholine which stimulated **P incorporation into the phospholipids was 
3-3 x 10-*, the stimulated value at this concentration being about 130% of the 
control. The stimulation increased with increasing concentrations of carbamy!- 
choline, being about 350% of the control at 3-3 x 10-*m. In Expt. 4 of Table 1 
concentrations of carbamylcholine ranging from 3-3 x 10~-* to 3-3 x 10-*m were 
tested on both mucin secretion and on the incorporation of *P into the 
phospholipids. In this experiment maximal mucin secretion was observed with 
the lowest concentration of carbamylcholine used (3-3 x 10-*m), but maximal 
incorporation of **P into the phospholipids was not achieved until the concen- 
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tration of carbamylcholine reached 3-3 x 10-5. In pigeon pancreas slices 
maximal secretion of protein is also obtaihed at lower concentrations of 
stimulant (ACh or pancreozymin) than is maximal incorporation of **P into 
the phospholipids, Presumably the stimulation of phosphate turnover in the 
phospholipids is primary to the extrusion of protein from the cell, the latter 
process heing rate-limiting. 

Adrenergic agents stimulate the secretion of protein in the submaxillary 


gland (Babkin, 1950). Addition of 10-*m-adrenaline (with 10-*m-ascorbic 


acid) approximately tripled the quantity of mucin extruded from rabbit 
submaxillary slices into the medium; the incorporation of *P into the 
phospholipids was approximately doubled (Expt. 1, Table 2). In Expt. 2, 
Table 2, concentrations of adrenaljne ranging from 10~? to 10-5 were tested; 


TaBLE 2. Effects of adrenergic drugs on mucin secretion and on the incorporation of **P 
into the phospholipids of rabbit submaxillary slices 
Mucin in medium Specific 


Ea (ug hexosamine/ of phospholipids 
Expt. no. Additions 100 mg tissue) (counte/min/pg P) 

1 None 25-0 98 
10-*m-Adrenaline 73-0 . 171 

2 None : — 238 
10~-*m- Adrenaline — 234 

-Adrenaline — 325 

10-*m-Adrenaline — 372 

3 None — 268 
10-*m-Noradrenaline 292 
10-*m-Noradrenaline 266 
10-*m-Noradrenaline 490 
10-*m-Adrenaline — 410 
10-*m-Adrenaline — 463 


the stimulation of **P incorporation into the phospholipids increased up to 
10-*m-adrenaline. In Expt. 3, Table 2, the effects of various concentrations of 
adrenaline and noradrenaline on **P incorporation into the phospholipids were 
compared. 10-*m-adrenaline increased **P incorporation into the phospholipids 
to about 190% of the control, but 10-*m-noradrenaline produced no significant 
increase. It thus appears that adrenaline is more potent than noradrenaline in 
stimulating the incorporation of **P into the phospholipids. Ata concentration | 
of 10-5m both agents produced essentially the same stimulation. Oborin (1954) 
found adrenaline more potent than noradrenaline as a secretogogue in cat 
submaxillary gland in vivo. 

Acetylcholine and adrenaline combined. In Table 3 are shown the separate 
and combined effects of maximally effective concentrations of ACh and 
adrenaline on mucin secretion and on the incorporation of *P into the phos- 
pholipids. In one experiment out of three the secretion of mucin was slightly 
greater when the two agents were added together than when added separately. 
In the remaining two experiments there was no additive effect of the two 


| 
4 
te 
4 
{ 
| 
| 


22 BE. HOKIN AND A. L. SHERWIN 


agents on mucin secretion. In two out of three experiments the incorporation : 


of #P into the phospholipids was greater in the presence of both ACh and 
adrenaline than when either agent was present alone. In the remaining 
experiment the phospholipid effect produced by the two agents added together 
was essentially the same as that produced by ACh. 


TaBLE 3. Effects of ACh and adrenaline added together on mucin secretion and on the 
incorporation of **P into the phospholipids and acid-soluble phosphate ester fraction of 


rabbit submaxillary slices 
Mucin in Specific activities 
medium (counts/min/ pg P) 
(wg hexos- - A 
amine/100 mg Acid-soluble 
Expt. no. Additions tissue) Phospholipids phosphate esters 
None 25-4 149 
10-*x-ACh 49-2 675 
10-*x- 
10-*m-Adrenaline 900 
2 None 4 251 15,600 
. ACh 14-5 1480 12,400 
11-8 700 24,100 
pe Bi Adrenaline 17:3 1670 22,100 
3 None 9 142 
10-*m-ACh 483 
10-*m-Adrenaline 243 
10-*m-Adrenaline 236 —. 
10~*m-ACh 491 
10-*m-Adrenaline 
10-*mw-ACh 504 
10-*w-Adrenaline 
4 None 25 
10-*u-ACh 71-5 _ 
10-*m-Adrenaline 73-0 — 
10-*u-ACh 69-0 
10-*m Adrenaline 


10-*m-TEPP always present with acetylcholine. 


Parasympathicolytic and sympathicolytic drugs. Atropine completely 
abolished the stimulatory effects of carbamylcholine on mucin secretion and on 
the incorporation of **P into the phospholipids (Table 4). Atropine also 
‘inhibits the stimulatory effects of cholinergic agents on enzyme secretion and 
on the incorporation of **P into the phospholipids in pigeon pancreas slices 
(Hokin & Hokin, 1953). 

Three sympathicolytic drugs, dibenamine, ergotamine and chlorpromazine, 
were tested for their effects on the incorporation of **P into the phospholipids 
in submaxillary slices stimulated with adrenaline. The effect of ergotamine on 
mucin secretion evoked by adrenaline was also tested. Two of these agents, 
dibenamine and ergotamine, have been known for some time to inhibit the 
response of the submaxillary gland to adrenaline or to stimulation of the 
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cervical sympathetic nerve. Emmelin (1955) has recently shown that chlor- 
promazine is 4 potent inhibitor of the secretory activity of the cat submaxillary 
gland evoked by stimulation of the cervical sympathetic nerve. In the 
presence of adrenaline each of the antiadrenergic agents tested reduced the 
incorporation of *P into the phospholipids, but none reduced this incorporation 
to the level observed without added adrenaline. Ergotamine (10-°m) had 
little or no effect on mucin secretion evoked by adrenaline (10-*m), although in 
the same sample of tissue the incorporation of **P into the phospholipids was 
considerably reduced. In pancreas slices maximal protein secretion is observed 


TaBLe 4, Effects of parasympathicolytic and sympathicolytic drugs on mucin secretion 
and on the incorporation of *P into the phospholipids of rabbit submaxillary slices 


Mucin in medium Specific activities 


(ug hexosamine/ of phospholipids 
Expt. no. Additions 100 mg tissue) (counts/min/pyg P) 
I None | 11-7 71 
36-1 453 
Atropine 70 
10-*-Adrenaline 96-1 342 
10-*m- Adrenaline 199 
10~-*m-Chlorpromazine 
2* 10-*u-ACh 
3-3 x 10-*m-Atropine 18 148 
10-*m-ACh 43-7 542 
10-*m-Adrenaline 30-1 273 
10-*m-Adrenaline 
10-*-Ergotamine 
3 None — 138 
10-*m- Adrenaline 267 
10-*m-Adrenaline 195 
10-*m-Dibenamine 


when activation of phosphate turnover in the phospholipids is small by 
comparison with the maximal activation which can be obtained. Similar 
findings are shown above for submaxillary slices. In the submaxillary gland 
the residual turnover of phosphate in the phospholipids which remains after 
addition of ergotamine is presumably still sufficient to bring about maximal 
secretion of mucin im vitro. 


Amylase secretion and the incorporation of **P into the phospholypids 
of slices of rabbit and guinea-pig parotid glands 
Cholinergic agents. In an earlier publication (Hokin & Hokin, 1954q) it was 
shown that carbamylcholine stimulated the secretion of amylase in slices of 
rabbit parotid gland. As shown in Table 5, incubation of guinea-pig parotid 
slices with 10-8m-TEPP resulted in a secretion of amylase and a three to 
sixfold stimulation of the incorporation of **P into the phospholipids. There 
was little if any further stimulation of enzyme secretion or **P incorporation 


*Tissues incubated in ‘Medium III’ of Krebs (1950). 
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into the phospholipids when ACh (10-*-10-*m) was added with TEPP. In — 


rabbit parotid tissue ACh with TEPP stimulated amylase secretion and the 
incorporation of **P into the phospholipids. Several concentrations of carb- 
amylcholine were tested in rabbit parotid slices. 3-3 x 10~-’m-carbamylcholine 
produced maximal amylase secretion and near maximal incorporation of **P 
into the phospholipids. 
Tastz 5. Effects of cholinergic drugs on amylase secretion and on the incorporation of **P 
into the phospholipids and acid-soluble phosphate esters of guinea-pig and rabbit 


parotid slices 
Specific activities 
Amylase in (counts/min/ pg P) 
medium - A 
(units/mg Acid-soluble 
Animal Additions ) Phospholipids phosphate esters 

Guinea-pig None 13 300 7,400 

4-6 850 8,000 

10-*m- 

10-*u- ACh 4-8 1100 7,200 

10-*m- 

4-4 1000 7,500 
Guinea-pig None 1-9 * 330 11,000 

41 2000 10,000 

10-*u-TEPP 

10-*m-ACh 5-1 1700 12,000 

10-*u-TEPP 

10-*-ACh 4-9 2200 14,000 
Rabbit ~ None | 2-8 681 9,420 

10-*u-TEPP 

10-*-ACh 13-4 2740 26,200 
Rabbit None 4-3 374 

3-3 x 16-9 1345 

3-3 x 10-*m-CCh 17-6 1490 

3-3 x 10-*m-CCh 17-8 1790 


It appears that in both the submaxillary gland and in the parotid gland | 


the anticholinesterase activity of TEPP is sufficient to give rise to maximal 
stimulation of protein secretion and *P incorporation into the phos- 
pholipids. In pancreas slices very high concentrations of eserine were 
unable to bring about maximal stimulation of either amylase secretion or **P 


incorporation into the phospholipids (Hokin & Hokin, 19546). Comparison of 


the minimal concentrations of carbamylcholine required to stimulate *P 
incorporation into the phospholipids in the pancreas with those required in 
the salivary glands offers a partial explanation. In pancreas slices the minimal 
effective concentration of earbamylcholine is 10-*m (Hokin & Hokin, un- 
published), whilst in salivary glands the minimal effective concentration is 
of the order of 10-*-10~-’m. The higher sensitivity of salivary glands to choli- 
nergic stimulation probably reflects the fact that the salivary glands are more 
predominantly under nervous control than is the pancreas. 

Adrenaline alone and with acetylcholing. It was found that adrenaline 
markedly stimulated amylase secretion and the incorporation of *P into the 
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phospholipids of rabbit. parotid slices (Table 6). At a concentration of 10-4 
both adrenaline and ACh were about equally effective in stimulating both of 
these processes. The stimulatory effects of maximal concentrations of adrenaline 
and ACh on the incorporation of **P into the phospholipids and on amylase 
secretion were not additive. This suggests that in rabbit parotid gland ACh 


The fact that adrenaline could elicit protein secretion and the phospholipid 
effect suggested that this agent might also stimulate enzyme secretion and 
phosphate turnover in the phospholipids in pancreas slices. However, in- 
cubation of pigeon pancreas slices with 10-°-10~m-adrenaline was without 
effect on amylase secretion or the incorporation of **P into the phospholipids. 
Sergeyeva (1938) found that massive injections of adrenaline failed to reduce 
the number of zymogen granules in the acinar cells of the pancreas of the cat. 


TaB_e 6. Separate and combined effects of ACh and adrenaline on amylase secretion 
and on the incorporation of *P into the phospholipids and acid-soluble phosphate 


esters of rabbit parotid slices - 
Specific activities 
Amylase in (counts/min/pg P) 
medium r 
(units/mg Acid-soluble 
Expt. no Additions tissue) Phospholipids phosphate esters ; 
1 None 1-3 149 5,040 
10-*m-ACh 10-5 1310 15,400 
a 14-0 1080 10,600 A 
10-*m-A 
10~*m- Adrenaline 16,000 | 
Se: None 2:8 691 9,420 
10-*w-ACh 13-4 2740 26,200 
10-*m-Adrenaline 16-7 3270 _ 33,100 | 
10-*m-ACh 


10-'u-TEPP always present with acetylcholine. 


Parasympathicolytic and sympathicolytic drugs. 10-‘m-atropine virtually 
abolished the stimulatory effect of 10-*u-carbamylcholine on amylase secretion 
and on the incorporation of **P into the phospholipids of rabbit parotid slices 
(Table 7). 10-*m-chlorpromazine reduced to half the phospholipid effect evoked 
by 10-®m-adrenaline but had very little effect on amylase secretion. 10-°m- 
Ergotamine was also found to reduce by about 50% the stimulation of 
phosphate turnover in the phospholipids evoked by 10-5m-adrenaline, byt 
amylase secretion was unaffected. These findings are very similar to those found 
with mucin secretion in slices of rabbit submaxillary gland. They provide 
another example of the fact that the phospholipid effect can be partially 
inhibited without any effect on protein secretion. 
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Respiration and the incorporation of **P into the acid-soluble phosphate their 
esters of slices of submazillary and parotid glands of re 
Acetylcholine and adrenaline. ACh was without effect on the incorporation } ACh 

_ of ®P into the acid-soluble phosphate ester fraction of rabbit submaxillary all, v 
slices (Table 3) and guinea-pig parotid slices (Table 5), However, ACh did that 
stimulate **P incorporation into the acid-soluble phosphate ester fraction of glyco 
rabbit parotid slices (Tables 5 and 6), This stimulation was quite variable, adrer 
ranging from 115 to 300% of the controls. Adrenaline increased the incorpora- glanc 
tion of **P into the acid-soluble phosphate ester fraction in rabbit submaxillary >  lead' 
slices to 150-175 % of the controls (Table 3) and in rabbit parotid slices to about mere 


300% (Table 6). The possibility cannot be excluded that the stimulation by 
adrenaline of the incorporation of **P into the phospholipids of submaxillary 


TaBie 7. Effects of parasympathicolytic and sympathicolytic drugs on amylase secretion The « 
and on the incorporation of **P into the phospholipids in rabbit parotid slices | in su 
Specific of ether 
Drugs added effec’ 
None 2-3 79 Was é 
10-*m-OCh 17-5 895 1956 
pine 2-6 100 (Hok 
10-*m-Adrenaline 22-6 578 incor 
10-*m-Chlorpromazine split 
and parotid tissue was secondary to increased incorporation of **P into some mas 
acid-soluble intermediate which directly or indirectly donates phosphate to the = | 
phospholipids, although there was no parallelism between the degree of : 
stimulation in the phospholipids and the stimulation in the acid-soluble bagi 
phosphate ester fraction in different experiments. The stimulation by AChof } (eg. 
82P incorporation into the phospholipids in rabbit parotid tissue is almost ' ‘ite 
certainly not a secondary effect. Greater phospholipid effects were obtained sage 
with ACh in guinea-pig parotid slices, and here the incorporation of **P into the ies 
acid-soluble phosphate esters was unaffected by ACh. 
The stimulation of **P incorporation into the acid-soluble phosphate esters 
could conceivably be secondary to the increased respiration of salivary gland 1. 
tissue on addition of ACh or adrenaline. Deutsch & Raper (1936, 1938) have | gabb 
shown that ACh increases the respiration of slices of submaxillary and parotid has 
glands of cat, dog and rabbit. Atropine abolishes the stimulation of respiration chol 
by ACh in cat submaxillary tissue. Adrenaline stimulates respiration in slices stim 
of cat submaxillary gland but not in slices of cat parotid gland. We found that stim 
in rabbit submaxillary tissue respiration was increased to 216% by ACh and to & mé 
140% by adrenaline. In rabbit parotid tissue the increases were 255 aud 188 °/, Atre 


respectively. It is apparent that the effects of these agents on the incorporation secre 
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of *P into the acid-soluble phosphate ester fractions are not closely parallel to 
their respiratory effects. For instance, ACh gave twice as great a stimulation 
of respiration as did adrenaline in both tissues; yet in submaxillary tissue 
ACh did not affect **P incorporation into the acid soluble phosphate esters at 
all, whilst adrenaline increased this incorporation to 150-175%. It is likely 
that a large portion of the acid-soluble phosphate ester fraction consists of 
glycolytic intermediates. Deutsch & Raper (1938) have shown that ACh and 
adrenaline produce a primary stimulation of aerobic glycolysis in salivary 
gland slices (as measured by lactate production). Increased glycolysis would 
lead to an increased rate of turnover of glycolytic intermediates, resulting in an 
increased rate of incorporation of **P into these intermediates. 


DISCUSSION 

The data presented in this paper show that when protein secretion is stimula 

in submaxillary or parotid tissue in vitro the incorporation of **P into the 
ether-soluble phospholipids is markedly increased. This is the same type of 
effect which was previously shown in pancreas slices when enzyme secretion 
was stimulated with either ACh or pancreozymin (Hokin & Hokin, 1953, 19545 
1956 a) and in brain cortex slices when ACh was added to the incubation medium 
(Hokin & Hokin 1955a). Since in pancreas and in brain cortex this increased 
incorporation of **P into the phospholipids is due to an accelerated rate of 


“splitting and resynthesis of the bond between glycerol and phosphate, it is 


reasonable to assume that the same reaction is occurring in the salivary glands. 
The mechanism whereby this accelerated turnover of the phosphoryl units in 
the phospholipids participates in secretory process can only be speculated 
upon at this time. The fact that the water-soluble portion of the phospholipid 
(e.g. phosphoryl ethanolamine, phosphoryl choline, and possibly phosphory! 
inositol) turns over, but the fat-soluble portion does not, suggests that the 
turnover of the phosphoryl units may represent a carrier mechanism, either 
at the plasmatic membrane or at intracellular membranes. 


SUMMARY 


1. A method has been developed for following mucin secretion in slices of 
rabbit submaxillary gland incubated in vitro. By the use of this method it 
has been found that cholinergic agents such as TEPP, ACh and carbamyl- 
choline as well as adrenergic agents such as adrenaline and noradrenaline 
stimulate the secretion of mucin from submaxillary tissue im vitro. The 
stimulation of mucin secretion by any of these agents is accompanied by 
a marked increase in the rate of incorporation of **P into the phospholipids. 
Atropine abolishes the stimulatory effects of cholinergic agents on both mucin 
secretion and on the incorporation of *P into the phospholipids. Adrenergic 
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blocking agents such as dibehamine, ergotamine and chlorpromazine reduce | 


the phospholipid effect elicited by adrenaline, but not sufficiently to affect 
mucin secretion appreciably. 

2. TEPP, ACh and carbamylcholine stimulate amylase secretion and the 
incorporation of **P into the phospholipids in guinea-pig and rabbit parotid 
slices incubated in vitro. Similar results are obtained with adrenaline. The 
stimulatory effects of the cholinergic agents are abolished by atropine. The 
stimulation of *P incorporation into the phospholipids by adrenaline is 
reduced by adrenergic blocking agents, but again this reduction in the phos- 
pholipid effect is not sufficient to affect protein secretion appreciably. The 
effects,of ACh and adrenaline on amylase secretion and on *P incorporation 
into the phospholipids are not additive in slices of parotid gland. 

3. Adrenaline stimulates the incorporation of *P into the acid-soluble 
phosphate ester fractions of both submaxillary tissue and parotid tissue of the 
rabbit. Acetylcholine stimulates *P incorporation into the acid-soluble 
phosphate ester fraction of rabbit parotid tissue but not of guinea-pig parotid 
tissue or of rabbit submaxillary tissue. 


This work has been aided by grants from the Blanche Hutchinson Medical Research Fund of 
McGill University and from the National Research Council of Canada. 
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INFLUENCE OF IONIC STRENGTH AND PHOSPHATE 
CONCENTRATION ON TENSION RESPONSES OF 
GLYCEROL-EXTRACTED MUSCLE FIBRES 


By R. P. NEWBOLD* anp DYSON ROSE 
From the Division of Applied Biology, National Research Laboratories, 
Ottawa 2, Canada.t 


(Received 22 June 1956) 


Several systems capable of relaxing contracted muscle models have been 
reported in recent years. Some involve non-physiological substances (Portzehl, 
1952; Bozler, 19546; Watanabe, 1955) but others, briefly reviewed below, 
involve only compounds normally present in muscle. Pyrophosphate has been 
included in this group as Bendall (1954) postulates its formation in normal 
muscle. 

Muscle fibres extracted in glycerol for less than 10 days and contracted in 
about 4mm-adenosine triphosphate (ATP) relax in about 20 mm-ATP 
(Bozler, 1951), magnesium being necessary for rapid and maintained relaxation 
(Bozler, 1952a). Homogenized muscle increases in volume in the presence of 
an unknown labile factor and ATP in the absence of added calcium (Marsh, 
1951, 1952). Muscle fibres relax in the presence of a Marsh factor preparation, 
6 mm-ATP and magnesium (>2 mm) (Bendall, 19520, 6, 1953a). Similar 
relaxation is obtained with myokinase, ATP and magnesium, suggesting that 
Marsh factor and myokinase are identical (Bendall, 1954a, 6). 

Fibres which, after storage in glycerol for only a few days, have contracted 


in ATP solution, relax under the influence of creatine phosphate (CP), 


magnesium and a low concentration of ATP (Bozler, 1953). Goodall & Szent- 
Gyorgyi (1953) and Lorand (1953) identified a system composed of ATP, CP, 
magnesium and ATP-creatine transphosphorylase (creatine phosphokinase) 
which induces relaxation at pH 6-2 and contraction at pH 7-2. Fibres which 
have been preserved in glycerol for one month or more, and washed in 
0-1 m-KCl for several hours before contracting in ATP, relax in the presence 
of ATP and magnesium when two fractions isolated from fresh muscle extract 

* National Research Council of Canada Postdootorate Fellow, 1954-55. Present address: 


Ruakure Animal Research Station, Hamilton, New Zealand. 
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are added (Kumagai, Ebashi & Takeda, 1955). One of these fractions has 
strong adenosine triphosphatase activity and the other contains myokinase 
and other factors. Pyrophosphate induces relaxation in glycerol-extracted 
fibres and in oriented actomyosin threads (Bozler, 1951, 1954a, 6; Portzehl, 
1952; Weber, 1952; Bendall, 19535, 19542). At low pyrophosphate concen- 
trations relaxation, in addition to depending on the presence of added 
magnesium (Bendall, 19536; Bozler, 19542), is accelerated by ATP (Bendall, 
19536). All these relaxing systems are similar in that they require added 
magnesium and a plasticizer (ATP or pyrophosphate), and are inhibited or 
reversed by calcium. 


The investigations reported in this paper show that, in the presence of ATP 
and added magnesium, glycerol-extracted muscle fibres relax when the ionic 
strength (4) and phosphate concentration of the surrounding medium are 
suitably adjusted. The phosphate-induced relaxation is reversed by calcium, 
but the relaxation induced by high ionic strength is not. Recognition of the 
effects of changes in ionic strength and phosphate concentration on the 
behaviour of muscle is important experimentally as it emphasizes the need for 
accurate control of these factors in all solutions used in muscle studies. It is 
also suggested that such changes may contribute to normal muscle function. 


METHODS 


Materials, Strips of psoas muscle from each of five rabbits were preserved at - 23° C at- both 
rest and equilibrium length, by the 50% glycerol method of Szent-Gyorgyi (1949, 1951) and by 
the bicarbonate-glycerol method of Lorand (1953). When required, a small fibre bundle (about 
0-2 mm in diameter and 6 cm long) was separated from one of these strips (Korey, 1950) and 
mounted on the tension recorder in a loop under slight tension (Varga, 1950) before washing out 
the glycerol. The tension recorder used was modelled after the one designed by Goodall in Szent- 
Gyorgyi’s laboratory. 1 g tension on the muscle hook displaced the recorder point by 28 mm, 
corresponding to a reduction in the distance between the muscle supports (2-3 cm) of about 1 mm. 
Six baths, each of 4-5 ml. capacity and stirred by a fine stream of nitrogen bubbles, were arranged 
so that the fibre bundle could be transferred rapidly from one solution to another. All tests were 
made at room temperature (22—24° C). The figures shown in the text are copies of recorder tracings. 

Solutions. Stock solutions were prepared from A.R. chemicals and glass-redistilled water, as 
follows: 0-40 m-KCl; 0-05 m-MgCl,; 0-10 m potassium phosphate buffer, pH 7-0, »=0-226; and 
0-06 ATP. Fresh ATP solution was prepared at least every 2 weeks from the disodium salt 
(Pabst) and adjusted to pH 7-0 with x-NaOH. The ionic strength of the ATP solution at pH 7-0 
was estimated from titration data to be about 0-50. . 

Test solutions were prepared as required by mixing measured amounts of the ATP, magnesium 
chloride and phosphate stock solutions with sufficient potassium chloride and water to give the 
desired ionic strength, When present, magnesium chloride was always 4 mm (» =0-012), and ATP 
was 6 mm (un =0-050). The composition of test solutions is given, in both text and figures, in terms 
of ionic strength, and millimolarity of magnesium, phosphate and ATP in this order: (e.g. 0-16 », 
4 Mg, 10 P, 6 ATP refers to a solution having an ionic strength of 0-16 and containing 4 mm-MgCl,, 
10 mm orthophosphate, 6 mm ATP, and sufficient KCl to give the required ionic strength). For 
brevity, solutions containing ATP are described as ATP solutions, and those not containing ATP 

88 non-ATP solutions, 
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RESULTS 


Except as noted in the first two paragraphs below, all the responses described 
in this paper were independent of storage time (3 days to 4 months) and of 
treatment (glycerol or bicarbonate-glycerol, rest or equilibrium length). 
Removal of glycerol. Fibre bundles mounted on the tension recorder were 
washed, before exposure to ATP solution, by immersion for 1-5 min (occasion- 
ally 5-20 min) in 0-16, 4 Mg, 10 P, 0 ATP. During this washing, muscle 
fibres preserved in glycerol for only a few days rapidly developed and main- 
tained appreciable tensions (up to 1-2 g). As the storage time increased, the 


Min Min 
046 0-16 0-16 016 Of6 
fe 4 4 4 4 0 
P 0 0 0 0 0 
ATP 0 6 , 0 6 6 


Fig. 1. (a) Spontaneous contraction, in the absence of added ATP, of a fibre bundle stored in 
glycerol for less than 3 days; (b) three-phase initial contraction in the presence of added 
magnesium and absence of phosphate. . 

Fig. 2. (a) Three-phase initial contraction in the presence of added magnesium and absence of 
phosphate; (b) effect of omitting magnesium from the bathing solution during a three-phase 
initial contraction. : 


maximum tension developed during washing decreased, reaching a value of 
less than 0-2 g in about 8 days in muscle preparations from one rabbit and in 
about 21 days in those from another. Similar results were obtained when fibres 
were washed in 0-16, 0 Mg, 10 P, 0 ATP, or 0-16u, 4 Mg, 0 P, 0 ATP (Fig. 12). 
The extent of this contraction in the absence of ATP did not affect the tension 
changes induced later, although after a strong contraction the tension could 
drop below the level which was reached initially in the absence of ATP (Fig. 15). 

‘ Initial contraction. After washing with a non-ATP solution, test fibres were 
contracted by immersion in an ATP solution (4 =0-16). Contraction always 
proceeded smoothly, without spontaneous relaxation, if magnesium was absent 
from both the washing (non-ATP) and contracting (ATP) solutions (Fig. 62), 
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or if both magnesium and orthophosphate (10 mm) were present (Figs. 3a, 
4a, 9a, 10a), though in ‘the latter solution contraction was somewhat more 
rapid. In the absence of magnesium, phosphate did not affect the contraction. 
When both magnesium and phosphate were present many of the test bundles 
from muscles stored in glycerol for less than 2 weeks broke or gave anomalous 
results through stretching of the fibres. The behaviour of bicarbonate-glycerol- 
treated fibres was not examined. | 
- On the other hand, when magnesium was present and phosphate was 
absent from both the washing and contracting solutions, a three-phase curve 
* (contraction-relaxation-recontraction) was frequently observed (Figs. 16, 2a, 
8a). Transfer of the fibres to a solution which did not contain magnesium 
(0-16, OMg, OP, 6 ATP or 0-16u, QMg, 10 P, 6 ATP), or to a solution 
containing phosphate in addition to magnesium (0-16, 4 Mg, 10 P, 6 ATP) at 
any time during the relaxation phase or before recontraction was complete, 
resulted in an immediate and rapid contraction to a tension level which always 
exceeded the maximum tension developed in the first contraction (Fig. 25). 

In the tests reported in the following sections, fibres contracted by immersion 
in 0-164, 4 Mg, 10 P, 6 ATP were usually employed. Behaviour of the fibres 
during subsequent treatment was not affected by the composition of any of 
the solutions used before this one, nor by the type of initial contraction. 

Effects caused by changes in ionic strength. Transfer of contracted fibres from 
0-164, 4 Mg, 10 P; 6 ATP to 0-25y, 4 Mg, 10 P, 6 ATP invariably resulted in 
a very rapid fall in tension by 10-30% (Figs. 3b, 105). A smaller tension loss 
was observed when the second solution was at 1 =0-21. These tension changes 
were fully reversible, and were also observed when phosphate was absent from 
the solutions, . 

Effects caused by increased phosphate concentration. The effects on the tension 
of contracted fibres of increased orthophosphate concentrations at three ionic 
strengths are summarized in Table 1. These results show that under certain 
conditions an increase in phosphate concentration, without change in ionic 
strength or in the concentration of magnesium or ATP, caused fibres to relax. 
The occurrence and extent of relaxation was affected by ionic strength. 

Increase of phosphate from 10 to 20 mm caused a small tension increase at 
»=0-16 and a tension decrease at 1 =0-25. Relaxation was more extensive 
when phosphate was increased from 10 to 50 mm at #=0-25 than when it was 
increased from 10mm to the maximum concentration possible (40 mm) at 
= 0-16, When uncontracted fibres were immersed in 0-26, 4 Mg, 10 P, 6 ATP 
they contracted strongly, only to relax extensively when transferred to 0-25 p, 
4 Ug, 50 P, 6 ATP. 

Simultaneous increase in more than one component. When fibres were trans- 
ferred from 0-162, 4 Mg, 10 P, 6 ATP to 0-25p, 4 Mg, 50 P, 6 ATP—i.e. exposed 
to a simultaneous increase in both ionic strength and phosphate concentra- 
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tion—the total relaxation appeared to be the sum of the ionic strength and 
phosphate effects (54 observations, Figs. 4b, 95). Occasionally two phases 
could be recognized in the relaxation curve (Fig. 45), the first probably being 
an immediate response to the higher ionic strength, the second a slightly 
slower response to high phosphate concentration. 


3 4 


Tension (g) 


Min Min 

Te ta te ty hab. 

O16 O16 O25 025 O16 O16 6046) «60-25 0-25 
10 10 50 10 170 50 $0 


Fig. 3. (a) Smooth initial contraction in the presence of both added magnesium and phosphate; 
(0) effect of increased ionic strength ; (c) effect of increased phosphate concentration ; (d) effect 
of reduced ionic strength and phosphate concentration; (¢) effect of omitting magnesium ; 
(f) effect of increased ionic strength and phosphate concentration, magnesium again present. 

Fig. 4. (a) Smooth initial contraction in the presence of both added magnesium and phosphate; 
(6) effect of increased ionic strength and phosphate concentration ; (c) effect of reduced ionic 
_ strength and phosphate concentration and omission of magnesium; (d) effect of increased 
magnesium. 


TaBiEz 1. Response of contracted muscle fibres to increases in orthophosphate concentration 
| 4 Mg, 6 ATP present in all solutions. 


Tonic Phosphate 
Tension change 
(ys) (mM (as % of original) 
0-16 10-20 No change, or 56-15% increase 
ve ee Transient increase followed by 1 
0-21 10-+20 Transient increase followed by 5-15 % decrease 
0-21 10-+40 More than 30%, decrease 
0-21 10-50 40-90 % decrease 
0-25 10-20 10-20% decrease 
0-25 10560 Up to 100% decrease (cf. Figs. 3c, 10c) 


Influence of added magnesium on the responses to increased ionic strengt! 
and increased, phosphate concentration; When magnesium was absent fro _ 
both test solutions, the response of contracted fibres to an increase in ionic 


stren 
7 in th 
wasi 
(Fig. 
consi 
of 
Contre 
0 Mg, 
this 
in 
: 
Pp 
ATE 
q Fig. 5. 
pa 
a bu 
| Fig. 6, 
P 
of 
més 


GLYCEROL-EXTRAOCTED MUSCLE FIBRES 35 


strength (Table 2) was similar to that obtained at low phosphate concentration 
in the presence of magnesium, and was independent of whether ionic strength 
was increased by including more potassium chloride (Fig. 5b) or more phosphate 
(Fig. 4d). However, the rate and extent of the tension change was reduced 
considerably, especially when the ionic strength was increased by the addition 
of more phosphate, if the fibres had not previously been exposed to a solution 


TaBLE 2, Responses to changes in ionic strength, at low and high orthophosphate 
concentrations, in the presence and in the absence,of added magnesium 


6 ATP present in all test solutions. 
Test solution 
Pre-treatment of fibre 

Contracted fibres immersed in 0-25 
0-16 4 Mg, 10 P, 6 ATP 0-25 

0-25 

0-25 

Contracted fibresin 0-16, | 0-25 
0 Mg, 10 P, 6 ATP after 0-25 
previous exposure to | 
magnesium, or washed in 0-25 
this solution after con’ 


tracting 
in 0-16 », 4 Mg, 10 P, 6 ATP 0-25 


3 
: 
Min 
4 b c 4 4 a 
i 0-16 016 O25 0-16 0-16 0-16 0-25 0-25 


Fig. 5. (a) Smooth initial contraction in the absence of added magnesium and presence of 
phosphate; \(b) effect of increased ionic strength in the absence of added magnesium on fibre 
bundle previously exposed to magnesium ; (c) effect of decreased ionic strength. 

Fig. 6. (a) Smooth initial contraction in the absence of added magnesium and presence of 
phosphate; () effect of increased ionic strength and phosphate concentration in the absence 
of magnesium on fibre bundle not previously exposed to magnesium ; (c) effect of introducing 


Response 

Ionic strength effect 
Ionic strength effect q 4 
Ionic effect 
(Figs. 36, 106) 
Extensive relaxation 
(Figs. 46, 95) 2 
Ionic strength effect ; | 
Tonic effect 3 
(Fig. 4 
Ionic strength effect 
50 Extensive relaxation 
(Figs. 3f, 10/) 
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containing magnesium—compare Fig. 4d with Fig. 6b. The reversible nature 

of the ionic strength effect is shown in Fig. 5c. | 
The responses listed in Table 2 show that, unlike the ionic strength effect, 

the relaxing effect of high phosphate concentration was completely dependent 

on the presence of added magnesium. After immersion in 0-25, 0 Mg, 50 P, 

6 ATP, the inclusion of 4 mm-Mg in the high orthophosphate solution induced 

a typical phosphate response (Fig. 4¢). In addition, fibres contracted strongly _ 

when the first ATP solution to which they were exposed consisted of 0-25,, 

0 Mg, 50 P, 6 ATP (Fig. 7a). In contrast to the immediate relaxation observed 

in fibres which had previously been exposed to a solution containing magnesium, 
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Fig. 7. (a) Smooth initial contraction at high ionic strength and high phosphate concentration 
in the absence of added magnesium ; (b) effect of introducing magnesium. 


Fig. 8. (a) Three-phase initial contraction in the presence of added magnesium and absence of 
phosphate; (6) effect of removing ATP during a three-phase initial contraction ; (c) effect of 
re-exposure to ATP, 


T~sLE 3. Responses to changes in composition of the medium 


following phosphate-induced relaxation 
6 ATP present in all test solutions. 
Test solution 
ms Mg P Change in medium Response 
0-25 0 50 Mg omitted Very slow contraction after 
short lag period 
0-25 4 10 P reduced Slow contraction after short 
0-25 0 10 Mg omitted and P 
reduced contraction 
0-16 4 10 p» and P reduced Immediate, m rapid 
contraction (Figs. 3d, 9c) 
0-16 0 10 p and P reduced and Mg Immediate, contraction 


ra 
(Figs. 3e, 4c) 
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those notso exposed always contracted briefly, before relaxing, when transferred 
from 0-254, 0 Mg, 50 P, 6 ATP to 0-25u, 4 Mg, 50 P, 6 ATP (Figs. 60, 76). 

Tension recovery following phosphate-induced relaxation. Table 3 summarizes 
the tension changes observed when fibres which had relaxed under’ the 
influence of 0-254, 4 Mg, 50 P,6 ATP were subjected to changes in composition 
of the medium in the presence of ATP. 

Effects of non-ATP solutions. Neither the ionic strength effect nor the 
relaxing effect of high phosphate concentration was apparent when ATP was 
omitted from the test solution, but on subsequent inclusion of ATP normal 
responses were obtained. All the non-ATP solutions tested, regardless of their 
ioni¢ strength or phosphate concentration, gave only a very slow continuous 
decrease in tension similar to that reported by Bozler (1951). In contrast to 
the marked tension increase in fibres exposed to a non-ATP solution during 


Tasie 4. Responses to ATP removal at reduced tension levels 


No ATP in test solutions. 
Test solution 
ATP removed Mg Response 
During the relaxation or recon- 0-16 4 0 Rapid partial contraction (i.e. at - 
traction phases of a three-phase @ more rapid rate than that of 
initial contraction in 0-16 py, the recontraction phase) 
4 Mg, OP, 6 ATP (Fig. 85) 
After tension loss in 0-25 4,4Mg, 0-25 4 10 No change in tension other than 
10 P, 6 ATP | very slow, continuous decrease 


After partial or complete relaxa- 0-25 4 50 Slow partial contraction* 
tion in @25 »p,4Mg,50P,6ATP 0-25 4 10 Moderately rapid partial con- 
4 
0 


or partial recovery of tensiof&i in 
10 «=Rapi contraction 
fig. 
10 Rapid partial contraction 


a three-phase initial contraction (Fig. 8b) and following phosphate-induced 
relaxation (Fig. 9d), the tension lost as the result of an increase in ionic 
strength at low phosphate concentration was not recovered to any extent 
when ATP was removed (Table 4). 

Although, after phosphate-induced relaxation, the composition of the non- 
ATP solution influenced the rate of contraction (Table 4), it did not appear to 
influence the extent of the contraction which ranged from 15 to 30% of the 
maximum.tension developed initially in 0-16, 4 Mg, 10 P,6 ATP. Subsequent 
re-exposureof fibres, which had partially recontracted when ATP. was 
removed during the relaxation or recontraction phases of a three-phase 
initial contraction, to the ATP solution produced a more rapid contraction 
than would have occurred had the recontraction phase continued without 
interruption—compare Fig. 8c with the recontraction phase of Fig. 1 b. 
Similarly, the rate of tension recovery in an ATP solution following phosphate- 
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induced relaxation was accelerated after exposure of partially recontracted 


fibres to a non-ATP solution—compare Fig. 9 e with 9 c. 

Effect of adding calcium. An immediate response was observed when 
0-2 ma-CaCl, was included in the 0-25u, 4 Mg, 50 P, 6 ATP solution in which 
fibres had partially or completely relaxed, the tension increasing at a 
moderately rapid rate to about the level normally reached in 0:25y, 4 Mg, 
10 P, 6 ATP. This tension change appeared to be completed more rapidly 


Tension (g) 


10 
9, 3 
pice 
10 10 
Sy Min 
4 4 e454 4 d ‘A 
O16 046025 016 O16 O16 016 0-25 025 0-25 0-16 0-25 
10 10 10 10 10-50 80 19 50 


Fig. 9. (a) Smooth initial contraction in the presence of both added magnesium and phosphate; 
(b) effect of increased ionic strength and phosphate concentration; (c) effect of reduced ionic 
strength and phosphate concentration; (d) effect of omitting ATP; (e) effect of replacing ATP. 


Fig. 10. (@) Smooth initial contraction in the presence of both added magnesium and phosphate; 


(b) effect of increased ionic strength ; (c) effect of increased phosphate concentration ; (d) effect 
of omitting magnesium and adding calcium; (e) effect of reduced ionic strength and phosphate 
concentration in the absence. of calcium ; (f) effect of eens ionic strength and phosphate 


concentration, magnesium again present. 


when magnésium was omitted from the solution which contained calcium 
(Fig. 10d). Subsequent reduction in ionic strength resulted in further con- 
traction (Fig. 10e), indicating that the effect of calcium was limited to a 
cancellation of the phosphate-induced relaxation. The occurrence of an ionic 
strength effect on transferring fibres which had contracted in 0-16u, 4 Mg, 10P, 
6 ATP to 0-254, 4 Mg, 10 P, 6 ATP, 0-2 Ca provided further evidence of the 
insensitivity of this effect to calcium. 
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DISCUSSION 


Spontaneous contraction during removal] of glycerol by non-ATP. solutions 
from fibres stored for only a few days, has been observed by Korey (1950), 
Bozler (1951, 1952a, 6) and Bozler & Prince (1953). The ability of these fibres 
to contract strongly in. the absence of added ATP and magnesium suggests 
that they contain residual ATP (or other nucleotide triphosphate) and residual 
magnesium which are extracted only slowly by glycerol. | 

Evidence for the retention of magnesium by fibres, during storage in 
_ glycerol and after washing for short periods in solutions which do not contain 
magnesium, is found in the work of Bendall (1953a@) and Bozler (1955), and in 
the present work. The effect of previous immersion in a solution containing 
magnesium on the magnitude of the response to increased ionic strength 
suggests that the magnesium concentration in these fibres, even after washing 
for several minutes in solutions containing no magnesium, was greater than 
that in untreated fibres. 

Three-phase initial contraction curves, similar to those obtained by Bozler 
(1952a@) with fibres stored for one day, were frequently obtained with fibres 
that had been stored from a few days to 4 months. Just as the refractory effect 
observed by Bendall (19524, 1953a) in his studies on the Marsh factor was 
obtained only when the concentration of magnesium was greater than 2 mm, 
irregular initial contraction occurred only when added magnesium was present. 
Ranney (1954) has found that spontaneous relaxation, in fibres stored for 
2 days in 25% glycerol, does not occur in the presence of various buffers. Our 
results with fibres stored for more than 2 weeks confirm this, to the extent 
that 10 mm phosphate prevented spontaneous relaxation, but those with fibres 
stored for a shorter time were inconclusive. | 

Evidence for the effect of high ionic strength on tension is found in the work 
of Sarkar, Szent-Gyorgyi & Varga (1950), and of Hasselbach & Weber (1953). 
Data presented inthe present paper confirm the observation that fibres 
develop Jess tension in solutions of high ionic strength, and show in addition 
that there.is a response to increased ionic strength only in the presence of 
ATP. This effect is not dependent on the presence of added magnesium in the 
surrounding medium, but it is more marked in fibres previously exposed to 
a solution containing, magnesium than in those not so treated. The tension 
change resulting from an increase in ionic strength is readily reversible in the 
presence of ATP, and occurs even in the presence of small concentrations of 
added. calcium, relaxation of glycerol-extracted fibres immersed in 
0-5 M-KOl non-ATP solution reported by Hayashi & Rosenbluth (1952) is in 
contrast to the’ results obtained in the present investigation, possibly 
because their fibres were pre-treated with pyrophosphate (see Szent-Gyorgyi, 
1950), | 
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The information gathered in these studies is insufficient to suggest a 
mechanism for the ionic strength effect. There is some evidence that adenosine 
triphosphatase activity is reduced at high ionic strength (Sarkar ef al. 1950; 
Hasselbach & Weber, 1953; Perry, 1951), but the lack of partial recovery in 
non-ATP solution, the non-requirement of the ionic strength effect for added 
magnesium, and its unresponsiveness to added calcium indicate that there is 
a fundamental difference between the mechanism of the ionic strength effect 
and that of phosphate-induced relaxation. 


Both phosphate-induced relaxation and the spontaneous relaxation during © 
the three-phase contraction which occurs in the absence of phosphate are 
observed only when both ATP and added magnesium are present, and both | 


these relaxations respond to non-ATP solutions in the same way. A similar 


- response to non-ATP solutions has been noted in fibres which have relaxed — 
under the influence of various other factors such as high ATP concentration — 
(Bozler, 1951, 1952); Marsh factor and ATP (Bendall, 19524, 1953a); CP and 
small concentrations of ATP (Bozler, 1953); pyrophosphate and ATP (Bozler, 

19544); or ethylenediamine tetraacetic acid and ATP (Watanabe, 1955). It 
appears that this behaviour is normal for fibres which are partially or com-— 


pletely relaxed, and can thus be used, like the response to calcium, to dif- 


ferentiate true relaxation from the tension change which results from an 


ionic strength effect or from stretching of the fibres. 

There is some evidence that phosphate-induced relaxation occurs only when 
the magnesium concentration exceeds a certain minimum value, and that the 
magnesium concentration required for phosphate-induced relaxation is greater 
than that required for the ionic strength effect. 

The properties of the high phosphate relaxing system described in this paper 


are similar to those of the relaxing systems reviewed in the introduction, but — 
this system is not identical with any one of them. Thus, the phosphate system — 


induced relaxation in fibres from which ATP-creatine transphosphorylase has 
been removed by bicarbonate-glycerol treatment (Goodall & Szent-Gyorgyi, 
1953; Lorand, 1953), and is therefore not dependent on the presence of this 
enzyme. In addition, since the phosphate system induced relaxation in fibres 
which had undergone a three-phase initial contraction and which therefore did 
not contain residual Marsh factor (Bendall, 1953 a) this factor apparently plays 
no part in phosphate-induced relaxation. Exclusion of pyrophosphate as a 
possible factor in the phosphate system described here is difficult because of 


the danger of pyrophosphate contamination of the solutions. However, under — 


our conditions the relaxation induced by transferring a fibre bundle from 
0-16, 4 Mg, 10 P, 6 ATP to 0-25y, 4 Mg, 50 P, 6 ATP equalled or exceeded, 


in both rate and extent, the relaxation induced by 0-254,4 Mg, 10P,6ATP, — 


0-85 mm-pyrophosphate. For the phosphate-induced relaxation to be cause:! 
by pyrophosphate this would require the presence of 4° pyrophosphate as a 
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contaminant in the orthophosphate. This degree of contamination would have 
caused relaxation of fibres immersed in 0-16, 4 Mg, 40 P, 6 ATP but in our 
tests this solution induced a temporary contraction followed by only: 10-20% 
relaxation (Table 1). Furthermore, since Bendall (19535) and Bozler (1954a) 
have shown that the pyrophosphate-induced relaxation does not require ATP, 
even a lesser degree of contamination of orthophosphate with pyrophosphate 
should have caused relaxation in 0-25u, 4 Mg, 50 P, 0 ATP: but, except for 
the very slow loss of tension noted with all non-ATP solutions, relaxation was 
never observed in this solution. It was also noted that solutions containing 
4 Mg, 10 P, 6 ATP and 0-85 pyrophosphate at 0-16 and 0-25 could not be 
distinguished by their effect on fibre bundles, while solutions containing 4 Mg, 
40 P, 6 ATP caused much more extensive relaxation at 0:25 than at 0-16y. 
It therefore appears that the relaxation observed in high phosphate solutions 
was not caused by the contamination of these solutions with pyrophosphate. 

The similarity of the phosphate-induced relaxation to that induced by other 
systems suggests that a similar mechanism may be involved. There is impres- 
sive evidence that relaxation occurs when splitting of ATP is inhibited (see 
reviews by Weber & Portzehl (1952, 1954); also the recent work of Bozler & 
Prince (1953); Bendall (1954a); Bowen & Kerwin (1954); and Friess, Morales & 
Bowen (1954)), and it is therefore possible that the phosphate system. acts by 
inhibiting adenosine triphosphatase activity. Bailey (1949) suggested a 
phosphate inhibition of ATP-ase activity but Bendall (1954a) found no 
evidence for it. However, the conditions used by Bendall are not reported. 

The total acid phosphorus content of rabbit psoas is 2 mg/g (Bendall, 1951) 
and, of this, 18 and 75%, is inorganic phosphate at 0 and 60 min respectively 
after homogenization of the muscle (Bailey & Marsh, 1952), Splitting of 
phosphate from the ATP and CP reserves of normal muscle can, therefore, 
increase the phosphate concentration of the muscle solution from about 
16 ma to about 65 ma (allowing for 0-77 g free water/g muscle). Since ATP 
and OP are osmotically inactive (Hill & Parkinson, 1931) it appears likely that 
they do not contribute to the ionic strength of muscle solution. The release of 
49 m-mole of phosphate by splitting of ATP and CP would therefore increase 
the ionic strength by about 0-11 at pH 7-0. If in addition to phosphate other 
products of ATP and CP breakdown were released into the muscle solution the 
increase in ionic strength would be even greater. The upper limits of ionic 
strength (0-25) and phosphate concentration (50 mM) used in the present 
investigations were within these estimated physiological ranges. 

Since diffusion in intact muscle is probably restricted, the rate at which 
phosphate is released during contraction of normal muscle may exceed the 
rate at which it diffuses away from the vicinity of the contractile elements 
(i.c. the sites of ATP breakdown). Local changes in ionic strength and 
phosphate concentration could thus equal or even exceed the changes studied 
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in these tests. If, in addition, the local concentration of calcium was sub- 
critical and that of magnesium was sufficiently high, all the requirements for 
relaxation would be fulfilled. Thus it might be postulated that, through the 
mediation of magnesium ions, an atmosphere of phosphate ions forms around 
the contractile elements, that adenosine triphosphatase activity is thereby 
inhibited and that the muscles relax and remain in a resting state until this 
atmosphere is dispersed and the ATP-ase inhibitor thereby removed. This can 
be accomplished both by reduction in magnesium concentration and by intro- 
duction of calcium, and may physiologically result from the simultaneous 
fulfilment of both these conditions. ‘ 


SUMMARY 


“~t, The influence was examined of changes inthe composition of the surround- 
ing medium on the behaviour of glycerol-extracted and bicarbonate-glycerol- 
extracted fibres of rabbit psoas muscle preserved at both rest and equilibrium 
lengths for periods ranging from 3 days to 4 months. Similar responses were 
obtained with fibres from all four treatments irrespective of storage time, except 
that fibres stored for only a few days contracted strongly in solutions which did 
not contain ATP, while those stored for longer periods contracted only slightly. 
2. Spontaneous relaxation occurred as one phase of the initial ATP con- 
traction only when magnesium was added and phosphate buffer was absent. 
Fibres which had relaxed spontaneously responded to solutions which did not 
contain ATP. 

3. The tension. of contracted fibres fell to a lower level when, at low (or 
zero) phosphate concentrations and in the presence of ATP, the potassium 
chloride concentration (and hence the ionic strength) was increased. After this 
tension loss, there was no response to solutions which did not contain ATP. 
The ionic strength effect was readily reversible in the presence of ATP, 
required only a small concentration of magnesium, and was not affected by the 
presence of a small concentration of added calcium. It is not considered to 
constitute true relaxation. 

4. Contracted fibres relaxed extensively when, in the presence of mag- 
nesium, phosphate concentration was increased (replacing potassium chloride) 
in a solution of high ionic strength, or when ionic strength was increased by 


_ and of magnesium above some minimum concentration, responded to solutions 
which did,not contain ATP, and was prevented or reversed by small con- 
centrations of added calcium. 

5. A possible role for phosphate in normal muscle action has been suggested. 


this work. 


the addition of phosphate. This relaxation depended on the presence of ATP | 


We wish to thank Professor A. Szent-Gyorgyi for permission to copy the tension recorder, ard 
for demonstrations of the technique; and Mr‘H. 
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OBSERVATIONS ON THE EFFECTS OF HYPOXIA ON THE 
PULMONARY VASCULAR BED 


By HELEN N: DUKE 
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Inhalation of mixtures of O, and N, in which the O, concentration is less than 
15° causes an increase in pulmonary vascular resistance in the cat. This 
response occurs in the anaesthetized animal (von Euler & Liljestrand, 1946), in 
anaesthetized animals with left lung perfusion (Duke, 1954) and in isolated , 
lung preparations (Nisell, 1948, 1951; Duke, 1951, 1954; Duke & Killick, 1952). 
Von Euler & Liljestrand (1946) found that hypoxia caused a rise of pulmonary 
arterial pressure in anaesthetized cats after removal of both stellate ganglia. 
This response was not abohshed by ergotoxine (Logaras, 1947), nor did it 
appear to originate from changes in bronchial calibre or systemic and left 
auricular blood pressure (Duke, 1954). | 

A pulmonary pressor response to hypoxia also occurs in anaesthetized dogs. 
It has been suggested that this is dependent on the integrity of the sympa- 
thetic nerves and adrenal glands (Stroud & Rahn, 1953; Nahas, Mather, Wargo 

& Adams, 1954; Nahas, Visscher, Mather, Haddy & Warner, 1954), or that it is 

caused by the increase of cardiac output which accompanies hypoxia in the 
whole animal (Aviado, Cerletti, Alanis, Bulle & Schmidt, 1952; Hiirlimann & 
Wiggers, 1953; Leusen & Demeester, 1955), although Hall (1953) found a 
constrictor response to hypoxia in a denervated perfused lung lobe. 

In view of the conflicting evidence between the cat and the dog it appeared 
profitable to investigate whether pulmonary constrictor responses to hypoxia 
occurred in the dog when changes in cardiac output were excluded and also to 
find whether the pressor response in cats was mediated by neurohumoral 
influences or by a vasoconstrictor substance. | 


METHODS 


‘Isolated cat lungs were set up and perfused through the pulmonary artery with the animals’ own 


hep:rinized blood as previously described (Duke, 1951). Perfusion was at constant volume inflow 
with a Dale-Schuster pump. The venous outflow from the lungs was collected from the left auricu- 
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Starling ‘Ideal’ pump; measurements of the resistance of the lungs to inflation were usually made 
(Konzett & Réssler, 1940). Dextran (‘Intradex’, Glaxo) was sometimes used to augment the 
blood obtained from the animal. Dog lungs were perfused in a similar manner (Duke, 1949). 

The perfused left lung preparation was made in cats and dogs under chloralose anaesthesia 
(0-1 g/kg intraperitoneally), using the technique previously described (Duke, 1954). In both 
species the trachea was cannulated and the blood pressure recorded from the right femoral artery 
with a mercury manometer. The chest was opened in the mid line and held widely retracted with 
the animal under positive pressure respiration. Heparin (Liquemin, Roche, 1000 u./kg) was 
injected intravenously. The pump and ite connexions were filled with warm Dextran. A cannula 
was placed in the right auricle and the left pulmonary artery was tied intrapericardially and 
cannulated. Perfusion of the left lung was performed at constant volume inflow with blood from 
the right auricle using a Dale-Schuster pump. The left auricle was cannulated and connected to a 
manometer filled with 0-9% NaCl solution. The right lung received its blood in the normal way. 

In all experiments pulmonary arterial pressure was measured by a manometer filled with 0-9 °%, 
NaCl solution and recorded by a tambour connected to the pulmonary arterial tubing by a 
T-piece. Left auricular pressure was measured by a manometer filled with 0-9% NaCl solution 
connected to the left auricular tubing in isolated lung experiments and to the left auricular 
cannula in left lung perfusion experiments. Left auricul was recorded by a small volume 
recorder connected to the top of the manometer. The gas mixtures used were from gas cylinders 
supplied by the British Oxygen Company. Changes in the ventilating gas mixture were made by 
attaching Douglas bags to the input of the Starling pump. 

In some experiments the possibility that a vasoconstrictor substance was liberated from the 
lungs during ventilation with N, was investigated. For this purpose the cat’s hind limb was 
perfused by cannulating the femoral artery and femoral vein and severing the limb from the body 
of the animal. The limb was placed so that the venous outflow drained on to a tray and thence into 
@ venous reservoir. The perfusion of the hind limb was at constant volume inflow through the 
femoral artery with blood which had previously been perfused through a pair of isolated lungs. 
The femoral blood pressure was recorded with a mercury manometer. 

Chronic sympathectomies were performed in the atropinized animal under pentobarbitone and 
ether anaesthesia with full aseptic precautions. The sympathetic chain was removed on one side 
from T 5-6 up to and including the stellate ganglion. A similar operation was performed 8-10 days 
later on the other side, The removal of the stellate ganglion was confirmed after recovery from the 
anaesthetic by the relaxation of the nictitating membrane on the operated side. A bilateral cervical 
sympathectomy was performed 8-10 days after the second thoracic operation by removing a length 
of chain between the thyroid cartilage and the middle cervical ganglion. Vagotomies were per- 
formed on the right side below the recurrent laryngeal nerve at the same time as the right thoracic 
sympathectomy and the left cervical vagus was cut during the cervical sympathectomy. The 
animals were used for acute experiments 10-15 days after cervical sympathectomy and were 
without exception in good condition at this time. 


RESULTS 


Isolated perfused lung experiments 
Ventilation of the lungs with N, instead of air for 2-6 min produced a rise of 
pulmonary arterial pressure and a slight bronchoconstriction in the lungs of 
dogs. The pulmonary pressor response to 4-5 min ventilation with N, or 5°, 
O, in'N, is shown in Fig. 1. The effect of N, is more pronounced than that of 
5% O, in Ny. 
Table 1 shows the effect of 3-5 min ventilation with N, on the pulmonary 


arterial and left auricular pressures of cat. lungs. The arterial pressure and | 
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| resistance are invariably increased and in four out of five experiments the left 

auricular pressure was slightly reduced. The reduction of left auricular pressure 
coincident with the rise in arterial pressure is well shown in Fig. 2. In this 
experiment the venous pressure had been artificially raised by partial obstruc- 
tion of outflow tubing. The pressor effect of N, ventilation was also found in all 
three preparations made from cats which had been subjected to a chronic 


>» 


4 sympathectomy and vagotomy (Fig. 3B, D). 


B 

Fig. 1. Dog, 17-0 kg. Isolated perfused lung. Perfusion begun 11.30 a.m., ventilation with air; 
P| A, 2.32 p.m., change to N, during signal; B, 2.50 p.m., change to 5% O, in N, during signal; 
P.A.p., pulmonary arterial pressure (cm 0-9 % NaCl soln.); time marker: 10 sec in all figures. 


Tax 1. Isolated perfused cata” lungs. Before and 3-5 min after changing the ventilating 


gas mixture from air to N, 
R 
(cm0-9% NaCisoln.) (cm0-9%NaCisoln.) - ~ 
Expt. 

no. Before After Before After Before After (%) 
28 17-5 29-75 3-4 3-2 141 26-55 88 

29 18-4 20-9 3-0 2-7 15-4" 18-2 18 

31 25-6 34-9 3-5 3-5 22-1 31-4 42 

34 16-1 25-9 41 4-0 12-0 21-9 82-5 
35 16-0 81-6 3-5 3-1 12-5 28-5 133 

P.A.p., pulmonary arterial pressure; L.A.p., left auricular pressure; R, P.A.p. - L.A.p. which, at 


constant volume inflow perfusion, is directly proportional to the resistance of the pulmonary 
vascular bed, 


Three experiments were also performed on cats in which the left hind limb 
was perfused in series with the lungs. In these experiments ventilation of the 
lungs with N, caused an increase of pulmonary arterial pressure, but the femoral 
arterial pressure fell (Fig. 4). 

- _ Injection of 6-hydroxytryptamine (HT) into the pulmonary artery produced 
& pulmonary arterial pressor effect, and the dose of HT was adjusted so that the 
Tesponse was of similar size to that produced by ventilation of the lungs with 
N, for 2-8 min; Lysergic acid diethylamide (LSD) did not reduce the pressor 
response to N, (Fig. 8) but abolished that to much larger doses of HT than had 
previously been given. | 
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Left lung perfusion expervments 
In the only experiment on a dog (Fig, 5) ventilation with 5% 0, in N, caused 
a rise of left. pulmonary arterial pressure and slight bronchoconstriction with 
no significant change in left auricular pressure. In the cat the left, pulmonary 
arterial pressor response to anoxia was not prevented by removal of the 
adrenal glands, although it was sometimes reduced. 


P.Ap 


LA.p. 


Fig. 2. Cat, 2-2 kg, Isolated perfused lung. Positive pressure respiration with air; during signa 
ventilation changed to Ny L.A.p., left auricular pressure (om 0-9 % NaCl soln.). 


~ 


PA.p. 


Fig. 3. Cat, 24kg. Previous history: 16. ii. 55, right thoracic sympathectomy and right thoracic 
vagotomy ; 23. ii. 55, left thoracic sympathectomy ; 2. 60, cervical aympsthectony 
and left cervical vagotomy. 

15. iii, 55, isolated perfused lung; A, 1.07 p.m., 104g 5-HT into pulmonary artery at signal; 
B, 1.27 p.m., ventilation changed from air to N, during signal; 1.33 p.m,, 0:24 mg 1SD 


changed from air to N, during signal. 


injected into pulmonary artery; O, 1.55 p.m., ventilation 
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A 


Fig. 4 

Fig. 4. Cat, 3-0 kg. Left hind leg perfused in series with isolated lungs. 2.°., left femoral arterial 
blood pressure; perfusion started at 11.03 a.m.; A, 11.50 a.m., ventilation changed from air to 
N, at signal; B, 11.565 a.m., ventilation with N, continued; changed to air at signal. 

Fig. 5. Dog, 17-0 kg. Left lung perfusion started 2.24 p.m.; ventilation with air; 3.40 p.m., 
ventilation changed to 5% O, in N, during signal; B.P., systemic blood pressure; L.P.A.p., left 
pulmonary arterial pressure. 

DISCUSSION 

The experiments now reported provide evidence that the pulmonary pressor 

effect of anoxia occurs in the dog under conditions in which changes of 

cardiac output and of left auricular pressure cambe excluded as causes of 
pulmonary pressor responses, and they therefore support the observations of 

Hall (1953). The pulmonary pressor response to anoxia has been analysed 

more fully in cats. In this species it persists after removal of the adrenal glands 

so that change in the gate of secretions from the adrenal medulla cannot be a 

factor on which the response depends. If it is assumed that the anoxic rise of 

pulmonary arterial pressure is caused by similar mechanisms in the anaesthe- 
tized animal as in isolated lungs then neurohumoral factors are unlikely to be 
responsible, This hypothesis has been further tested by studying the effects of 
anoxia in isolated lung preparations made from animals which had been sub- 
jected to a chronic denervation of the lungs. In these preparations ventilation 


with N, had a pulmonary pressor effect and thus the activation of local 
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intra-pulmonary reflexes involving the sympathetic system is improbable. This 
conclusion is supported by the fact (Duke, 1951) that the anoxic pressure rise 
is not reversed or inhibited by dihydroergotamine. Assuming that all, or the 
majority, of the vagal efferent fibres were sectioned in the chronic experiments 
the possibility still exists that local reflexes involving the parasympathetic 
nervous system are involved but in this case they must be atropine-resistant, 
since pulmonary pressor responses to anoxia occur in isolated lungs after doses 
of atropine sufficient to block the effects of injected acetylcholine (Duke, 
1951). A phenomenon which is still unexplained is the increasing sensitivity to 
N, found in most perfused lung preparations during the course of the experi- 
ment (Duke & Killick, 1952). | 

The direct dilator effect of anoxia on the blood vessels of the systemic circula- 
tion is well known (Fleisch, Sibul & Ponomarev, 1932). The contrast between 
this and the constrictor effect in the pulmonary circuit is striking. There is a 
possibility that a vasoconstrictor substance might be liberated from the lungs 
during ventilation with N,, but no evidence for this was found since in the 
present experiments ventilation of the lungs with N, causes a pulmonary 
pressor but a femoral depressor response and in the experiments of Fleisch et al. 
the femoral blood flow increased at constant pressure inflow. Finally, the 
liberation of HT as a result of N, appears improbable since injection of LSD to 
block the response to injected HT has no effect on the response to Nj. | 
The site of action of N, on the pulmonary circulation can still only be postu- 
lated, although it has been suggested (Duke, 1954) that ventilation with N, 
may cause capillary constriction. The fall of left auricular pressure coincident 
with the rise of pulmonary arterial pressure, found in the experiments now 
reported, makes it appear that the vasoconstriction is indeed in the pulmonary 
vascular bed and that the pulmonary pressor response is not a mechanical effect 
caused from alterations in the amount of blood transferred between the pulmo- 
nary and bronchial blood vessels. It also appears probable that the dog and 
the cat behave similarly towards hypoxia in that a pulmonary pressor response 
occurs which is presumably due to pulmonary vasoconstriction, There can be no 
certainty that the rise in pulmonary arterial pressure in the dog is independent 
of changes in resistance of the lungs to inflation, although in the cat it is not 
dependent on such changes (Duke, 1954). These experiments do not exclude the 
possibility that passive or active vasodilatation of some parts of the pulmonary 
vascular bed occurs concurrently with vasoconstriction of other parts. In this 
connexion Nisell (1952) noted an increase in lung blood volume when isolated 
cats’ lungs were perfused with partially deoxygenated blood, and Aviado et al. 
(1952) found an increase of lung blood volume in anaesthetized dogs. 


SUMMARY 
1. In isolated cats’ lungs perfused through the pulmonary artery with the 


animal’s own heparinized blood at constant volume inflow, ventilation of the 
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lungs with N, instead of air produces a rise of pulmonary arterial pressure and 
a fall of left auricular pressure. 


2. The pressor response to N, occurs in preparations made from animals in 
which the lungs were chronically denervated: it is not inhibited by LSD. 

3. No evidence of a circulating vasoconstrictor substance is found by per- 
fusing the cat's denervated hind limb with blood which has been partially 
deoxygenated in the lungs. 


4. Pulmonary pressor responses to hypoxia are found in isolated perfused 
dog lungs and in anaesthetized dogs with left lung perfusion. 
5. In the anaesthetized cat with left lung perfusion the increase of left 
pulmonary arterial pressure in response to inhalation of 5° O, in N, is not 
prevented by removal of both adrenal glands. 


The author is grateful to the Central Research Fund, University of London, for a grant towards 
the cost of apparatus, and to Dr R. 8. Stacey for supplying HT and LSD. 
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A SURGICAL APPROACH TO THE SUPERIOR CERVICAL 
GANGLION AND RELATED STRUCTURES 
IN THE SHEEP 


By THe Late A. B. APPLETON® anp G. M. H. WAITES 


From the Zoological Society of London, Regent’s Park, and the Agricultural 
Research Council Institute of Animal Physiology, Babraham, Cambridge 


(Received 10 July 1956) 


The sympathetic nervous system of the ruminants is only briefly described in 
veterinary anatomical text-books (Ellenberger & Baum, 1943; Sisson & 
Grossman, 1953), and there is little information so far concerning its function 
in these species. As a method for the exposure and examination of the most 
cranial part of the cervical sympathetic nervous system, a lateral surgical 
approach to the superior (cranial) cervical ganglion of the sheep is described. 


METHODS AND RESULTS 


sympathetic nerve in chronic survival operations on nine Welsh mountain castrate male lambs 
(2-3 months old). Anaesthesia was induced with intravenous pentobarbitone sodium (Nembutal, 
Abbott Laboratories), average dose 29-5 mg/kg, and maintained with cyclopropane and _ 
after intubation with a Magill endotracheal tube. 

After the operation healing has always been by first intention and recovery uneventful, 
apparently without derangement of salivation, mastication, deglutition, rumination or eructation. 
The nictitating membrane of the operated side was relaxed but there was no apparent alteration in 
pupillary size, although, because the sheep has a slit pupil, any alteration was difficult to assess. 

Operation. The illustrations (Figs. 1-7) were prepared as a guide to the surgical approach to the 
superior cervical ganglion and were found in practice to be of great assistance. In these illustra- 
tions, in order to show the successive levels of dissection in the approach to the ganglion, certain 
structures, the jugular vein, the digastric muscle and the epihyoid bone, are represented as having 
been cut: in the actual operation they were only retracted. 

The skin incision was started over the zygomatic process at a point mid-way between the 
canthus of the eye and the base of the ear, and was continued parallel with the mandible to the 
level of the thyroid cartilage (Fig. 1). The thin cutaneous platysma muscle was then incised along 
the same line (Fig. 2), care being taken not to damage the external jugular vein which lies just deep 
to the muscle at the ventral end of the incision. The depressor auriculae muscle depicted in Fig. 3 
was incised with the platysma muscle. After reflecting the cut edges of-this muscle the parotid 


* Professor Appleton had completed the anatomical dissections and was responsible for the 
illustrations which form the basis of this paper before his death in April 1950. 
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gland, lying under fat in the dorsal area of the operative field (Fig. 4), and the external jugular vein 
became visible. The few vessels which pass caudally from the external jugular and internal maxil- 
lary veinggvere cut between ligatures, and the caudal and ventral borders of the parotid gland were 
then freed from underlying tissue to enable this gland to be retracted cranio-dorsally (Fig. 5). 
The common carotid artery could then be identified under fat, deep to the external jugular vein, 
and its cranial course to the point where it is crossed by the hypoglossal nerve could be identified. 
Here the artery passes deep to the digastric muscle, dorsal to which is the fan-shaped jugulo-hyoid 
muscle (Miller, 1948). This latter muscle was either wholly or partially cut through to enable 
retraction of the epihyoid bone, By retracting the bone and the cut ends of the muscle using 
self-retaining retractors, the superior cervical ganglion, the cervical sympathetic nerve and the 
nerve from the superior cervical ganglion to the common carotid artery and related structures 
could be readily freed from the fat which surrounds them (Figs. 6 and 7). The operation was com- 
pleted by suturing the cut ends of the jugulo-hyoid muscle, suturing the caudal border of the 
parotid gland into place and closing the skin and platysma muscle in layers. The operation from 
the skin incision onwards can be completed in less than 1 hr. 


Auditory 
meatus 


position 


hyoid apparatus 
and larynx 
Fig. 1. The skin incision for the surgical approach 
to the left superior cervical ganglion. 


Fig. 2. Reflexion of the skin showing the line of the incision 
through the platysma muscle. 
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Fig. 3. The superficial structures exposed by reflexion of the incised muscle. 


Auditory 


meatus 


glossopharyngeal 

(IX) nerve 
Fig. 4. Reflexion of the external jugular vein and branches and dissection of fat to reveal the 
common carotid artery; note that in the operation the jugular vein is not cut but is retracted Fig. 6. 
towards the angle of the jaw. 
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of the parotid gland. 


Reflected 
jugulo-hyoid 
Cut end of 
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Hypoglossal 
nerve 
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digastric 


muscle Vagus (X 
nerve 


Common carotid : 
artery 
Fig. 6. Fatty layer revealed by reflexion of the cut ends of the digastric and jugulo-hyoid musclse 
and of the epihyoid bone: note that at operation, of these structures only the jugulo-hyoid 
musele is cut, 
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Fig. 7. The left superior cervical ganglion and related structures exposed by dissection of overlying 
3 fat. The carotid artery branch of the IX nerve would appear to be the carotid sinus nerve 
(of Hering). 
DISCUSSION 

The conventional mid or paramedial cervical approach to the superior cervical 
ganglion, generally used in physiological studies, was attempted in sheep 
cadavers. It resulted in the exposure of the ganglion at the bottom of a deep 
cavity formed by the surrounding tissues. Apart from the difficulty of manipu- 
lating the ganglion in this situation, the extensive dissection necessary for its 
exposure makes this approach unsuitable for chronic operations in the sheep. 
In man, the superior cervical ganglion is relatively superficial in position and is 
usually approached through a lateral cervical skin incision, after which only 
minimal surgery is necessary for its exposure. Although in sheep the ganglion 
is less accessible, it has been found most convenient to use the same approach 
as in man, when the ganglion is finally exposed by cutting through the jugulo- 
hyoid muscle which overlies it laterally. The surgical approach described here 
has been used successfully in a study of the degenerative section of the superior 
cervical ganglion by Hebb & Waites (1956) and by Waites (1957). In a series of 
animals in which the nerve section was successfully performed, there were no 
fatalities and the recovery was rapid and uneventful. 
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SUMMARY 


A lateral surgical approach to the superior cervical ganglion and related 
structures in the sheep is described. 


It is wished to acknowledge the generous assistance of Dr Catherine 0. Hebb at the operations. 
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RECURRENT CARDIO-ACCELERATOR FIBRES IN THE RIGHT 


>» CERVICAL SYMPATHETIC NERVE OF THE SHEEP* 


By G. M. H. WAITES 


From the Agricultural Research Council Institute of Animal Physiology, 
Babraham, Cambridge 


(Received 10 July 1956) 


Whether or not cardio-accelerator fibres of sympathetic origin descend at any 
level in the cervical vagosympathetic trunks of mammals has been the subject 
of some controversy. For example, Hering (1924) denied their presence in 
either the cervical sympathetic or vagus nerves of the cat, dog, rabbit or 
monkey, but Jung, Tagand & Pierre (1934) found descending cardio-accelerator 
fibres in the cervical sympathetic nerve of some dogs, horses and goats, The 
evidence about this is reviewed by Pannier (1946) who, while agteeing with 
Hering that accelerator fibres are absent from the cervical sympathetic nerve 
of cats, demonstrated in dogs post-ganglionic accelerator fibres descending in 
this nerve from the superior cervical ganglion. In the experiments to be 
described evidence is given that such fibres occur in the lower course of the 
right cervical sympathetic nerve of some sheep, and the origin and course of 
these fibres is examined. 


METHODS 


Two Clun Forest (41 and 44 kg) and eleven Welsh Mountain (15-1—34-5 kg) male castrate sheep were 
used, The Clun Forest sheep, used only in acute experiments, were anaesthetized with a mixture 
of chloralose (Hopkins and Williams, 17 and 27 mg/kg body weight) and urethane (May and 
Baker, 170 and 270 mg/kg) intravenously ; throughout the experiments anaesthesia was maintained 
by intravenous infusion of 3-5 mg of chloralose and 30-50 mg of urethane/kg/hr. Welsh Mountain 
sheep were anaesthetized with intravenous pentobarbitone sodium (Nembutal, Abbott Laboratories, 
20-0-37-3 mg/kg) followed by continuous intratracheal cyclopropane (10-100 ml./min) with 
oxygen (50-150 ml./min) administered from Boyle’s apparatus in a closed circuit, with soda-lime 
for CO, absorption. In operations for chronic nerve resections, a Magill tube (nos, 8-10) was in- 
serted into the trachea through the larynx. In each acute experiment tracheotomy was done and a 
cannula tied into the trachea at the mid-cervical level. 

In chronic resections (‘degenerative section’) of the cervical sympathetic, the nerve was cut 


either immediately below the superior cervical ganglion (in six), when a lateral surgical approach 


was used, or very much lower in the neck (in three). In the latter the nerve, together with the vagus, 


* Part of the work submitted in a dissertation for a Ph.D. degree at the University of Cambridge. 
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was cut 8-10 em above the cervical junction of the limbs of the ansa subclavia (12-15 cm below 
the superior cervical ganglion) through a paramedial incision, and about 1:5 cm of nerve was 
removed at that point. The whole bundle of carotid artery, vagus and sympathetic nerves was 
stripped of all external attachments down to the level of the ansa subclavia. In addition, in 
one operation the bundle so freed was wrapped in a tube of plastic material (‘Transflex’, 
Irvington Co,), so that there could be no possibility of nerve ingrowth. Thus the sole nerve 
connexions remaining to the nerves below the point of section were from the thorax. 

Acute experiments were performed 2-28 days after the chronic operation. Before stimulation 
the right cervical sympathetic nerve was separated from the vagus nerve along its whole length 
below the level of section; if the vagus had not been divided previously it was cut through in the 
upper or mid cervical region. 

In eight experiments the right stellate ganglion was exposed by resection of the first two to four 
ribs and artificial respiration was carried out by a modified Starling ‘Ideal’ pump. A square wave 
stimulator which allowed independent control of voltage, pulse duration and frequency was used 
for nerve stimulations and checks were made to ensure that there was no spread of current to 
other structures. The blood pressure was recorded by means of a mercury or a Hiirthle manometer 
connected to the right femoral artery, and the heart rate was measured by a differential mano- 
meter (Daly & Schweitzer, 1950) which actuated a drop-timer (Gaddum & Kwiatkowski, 1938) 
recording on the kymograph. 

The following drugs were used: atropine (British Drug Houses), nicotine hydrogen tartrate 
(British Drug Houses) and hexamethonium chloride (May and Baker) made up in 0-9% NaCl. 

In the sheep used in these experiments the cervical sympathetic and vagus nerves of both sides 
were usually only loosely bound and were entirely separate below the superior cervical ganglion 
and above the ansa subclavia, The two cervical components of each side could be separated func- 
tionally by blunt dissection. The smaller cervical strands were identified as the cervical sympathetic 
nerves by stimulation of their cranial cut ends. This caused a rise of arterial blood pressure in the 
absence of a change of heart rate, as well as contraction of the nictitating membrane and the 
smooth muscle around the eyelids (alteration of pupil diameter was an indecisive test in the 
anaesthetized sheep). Similarly, the larger strands could be identified as the vagus nerves since 
they contained cardio-inhibitor fibres. Very occasionally cardio-inhibitor fibres were found in the 
sympathetic strand, but only rarely have sympathetic vasomotor fibres been found in the vagal 
component, 

The superior cervical ganglion is usually fusiform, occasionally bilobed, or rarely forms two 
distinct swellings 2~3cm apart. In addition, ganglionic swellings occur at two other places on both 
cervical sympathetic nerves. A ganglion (middle cervical ganglion a) may be present at the level 
of the third to the fifth cervical vertebrae and if so another (middle cervical ganglion 5), usually 
to be found at the cervical junction of the limbs of the ansa subclavia, is small. On one 
occasion when the upper ganglion was apparently absent the lower ganglion was elongated along 
the right cervical sympathetic nerve, its cranial pole being 1-9 cm above the ansa subclavia, sug- 
gesting that these two normally separate ganglia were here fused. In the following description, 
the ‘upper’ and ‘lower’ parts of the cervical sympathetic nerve refer to those above and below the 
level of the middle cervical ganglion a. 


RESULTS 
Cervical sympathetic cardio-accelerator fibres 
In thirteen experiments on sheep cardio-accelerator fibres were found in the 
tight cervical sympathetic nerve. Their presence was first observed in two 
Clun Forest sheep in which it was also noticed that they occurred only in the 
lower part of the cervical sympathetic nerve and only on the right side. After 
these observations a further investigation was done in order to determine the 
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origin and peripheral course of these fibres and their relay points: the additional 
experiments were done on Welsh Mountain sheep. 

The length of nerve containing cardio-accelerator fibres varied. They were 
always present just above the ansa subclavia within about 1 cm of it, a length 
sometimes occupied by an elongated middle cervical ganglion 6, but in the 
majority they extended 4-6 om, and in one case were 10-11 cm above the ansa 
and approximately 15cm caudal to the superior cervical ganglion (Fig. 1), 
Cut 21 days previously 
OX 0% Right cervical sympathetic nerve 


_ Fig. 1. The cardiovascular responses to stimulation along the lower half of the right cervical 
sympathetic nerve (21 days after ‘degenerative section’ at the caudal pole of the superior 
cervical ganglion) and of the ventral limb of the ansa subclavia of a sheep. Diagram to show 
sites of stimulation (above); heart rate (upper trace) and blood pressure (lower trace) recorded 
by differential and Hiirthle manometers respectively. Stimulation parameters throughout 


were 3 V,10 msec, 50 c/s, for 15-20 sec. M.c.G. a, b, middle cervical ganglia: cardio-accelerator 


fibres absent from branches of m.c.c. a marked 0%. 


No evidence was obtained that the fibres were present in the cervical sympa- _ 


thetic at a point higher than this.or in any part of the cervical vagus. These 
tests were made in both normal animals and animals in which the right cervical 
sympathetic had been divided just caudal to the superior cervical ganglion 
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and had been allowed to degenerate for periods varying from 2 to 28 days. It 
was clear, therefore, that the fibres detected in the lower part of the nerve did 
not originate from either the superior cervical ganglion or from any cranial 
source such as the vagus. 

The question of their origin from the vagus was tested carefully, because in 
some sheep a few nerve bundles may be seen to connect the cervical vagus with 
the cervical sympathetic. Therefore, in a number of experiments the cervical 
vagus was stimulated before and after the injection of atropine in a dose 
(0-5-2-0 mg/kg 1.v.) sufficient to inhibit the cardio-inhibitory fibres. Although 
these tests revealed a strong cardio-inhibition before the injection of atropine, 
there was no evidence eitlrer before or after the drug was injected of cardio- 
acceleration in response to the stimulation. 

The size of the cardio-accelerator response varied, depending upon the 
distance of the electrodes above the ansa, as shown in Fig. 1. The weakest 
responses to a given stimulus were obtained at a distance from the ansa, in 
this case 10-5 cm., then as the electrodes were moved caudally the change in 
heart rate increased from +9°% to +75%. Similar responses were obtained in 
the eight other experiments in which the nerve was examined in this way. It 
thus appears that the frequency of cardio-accelerator fibres is less the greater: 
the distance from the ansa, until the point is reached where there are none. 
Stimulations of the limbs of the ansa usually elicited cardio-accelerator 
responses which were as great or greater than the maximal response resulting 
from stimulation of the cervical sympathetic nerve. Stimulation of the ventral 
limb usually produced the larger response. 


The thoracic origin of the cardio-accelerator fibres 

‘A further series of chronic nerve resections were done on three animals to 
determine whether the cardio-accelerator fibres in the right cervical sympa- 
thetic could have entered the nerve through rami derived from the lower 
cervical segments of the spinal cord. In these experiments the cervical sympa- 
thetic was cut, together with the vagus, only 8-10. cm above the ansa subclayia, 
and was stripped of all external attachments down to the ansa (see Methods). 
In the three animals 7, 14 and 21 days were allowed to elapse before the acute 
experiment, That sufficient time had been allowed for degeneration was shown 
by the fact that there was no response of the nictitating membrane or the eye 
muscles to stimulation of the cranial end of the sympathetic nerve, and the 
fact that the cardio-inhibitory fibres of the vagus had also degenerated. In all 
these experiments stimulating the right cervical sympathetic below the point 
of section produced cardio-acceleration which was comparable in size to the 
responses which had been observed in unoperated animals. The responses in 
two of these experiments (nos. 33 and 37) are shown in Table 1. Thus these 
experiments show that the cardio-accelerator fibres must have come from the 
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upper thoracic sympathetic chain, through the ansa subclavia, to ascend in the 
cervical sympathetic nerve for a variable distance before returning to the 


thorax in the same nerve. For this reason these fibres will be referred to as 


recurrent. Their probable nature will be discussed later. 
Relay points and further course of the cardio-accelerator fibres 


From the evidence considered so far it was concluded that the cardio- 


accelerator fibres of the lower right cervical sympathetic nerve originated from 
the thorax and that they were therefore either (1) recurrent (‘looping’) nerve 
fibres, or (2) recurrent axon collateral fibres. A number of tests were carried 
out to determine their relay points and further course. : 

In three out of five experiments the application of warm nicotine solution 
(1%) to the right stellate ganglion completely abolished the cardio-accelerator 
response to stimulation of the right cervical sympathetic nerve (Table 1, Expts. 
27, 33 and 35); in the remaining two, however, the response could only be 
partially abolished in this way. In these two animals and in one other similar 
experiment (Table 1, Expts. 28, 30 and 37) the residual response was unaffected 
_ by the intravenous injection of 6 mg/kg of hexamethonium chloride or by two 
succeeding doses of 10 mg of nicotine hydrogen tartrate. Since the nicotine 
given after the hexamethonium did not itself produce any cardiovascular 
effect the hexamethonium block must have been complete. It was concluded, 
therefore, that in these experiments in which the recurrent cardio-accelerator 
responses could not be completely blocked by nicotine or hexamethonium, 
both pre- and post-ganglionic fibres were present. Evidently the majority 
were preganglionic with their relay points in the right stellate ganglion 
(Fig. 2a, 5). | 

In two experiments the intra-thoracic course of the recurrent accelerator 
fibres in the cervical sympathetic nerve was examined. When it had been 
shown that the cervical sympathetic nerve above middle cervical ganglion b 
contained the usual complement of cardio-accelerator fibres, this nerve and 
both vagus nerves were divided in the mid-cervical region and the animal was 
fully atropinized. In both experiments the accelerator effect of stimulation 
of the caudal end of the cut cervical sympathetic nerve remained after dividing 
all the rami communicantes of the right stellate and T2 ganglia, and after 
cutting the thoracic sympathetic chain below ganglion T 2. The only connexions 
then remaining between the right sympathetic nerve and the heart were (1) 
pathways passing from the cervical sympathetic and the cervical vagus at the 
level of middle cervical ganglion 6, and (2) the efferent branches of the 
ansa subclavia and the stellate ganglion. To determine which of the possible 
pathways were taken by the accelerator fibres, the response to stimulation of 
the lower cervical sympathetic nerve was determined before and after section 
of each of the path#ays indicated. 
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Fig. 2. Diagrams to illustrate some possible recurrent cardio-accelerator fibre pathways in the 
right cervical sympathetic nerve of sheep. a, preganglionic branching axons; b, ‘looping’ 
preganglionic fibres; c and d, ‘looping’ post-ganglionic fibres. dike 


1. The cardiovascular i 
. ; responses to stimulation of the right cervical sympathetic nerve 
pee point of ‘degenerative section’, before and after the application of nicotine (1%) 
right stellate ganglion and the intravenous injection of hexamethonium 


After 
Before nicotine After nicotine, hexamethoni 
Da 
ys change (%) change (%) chang (%) 
section section BP H.R. B.P B.P. 
2 +28 +46 0 0 
14 +21 +53 +7 0 
21 + 25 +77 0 0 
30 . 3 +47 + 64 0 +18 +19 +24 
5 +20 +67 0 +36 
+36 +58 +8 +13 0 +10 


a were applied 1-3-5 cm above the ansa subclavia (Fig. 1); the strength and 
a ion were the same for all observations in the same experiment: the responses are expressed 
. Nasteoe of the resting value. A, ‘degenerative section’ of right cervical sympathetic nerve 
lage caudal 7. of the superior cervical ganglion; B, ‘degenerative section’ of right cervical 
ee vagus nerves in the mid cervical region; 8.P., blood pressure; H.R., heart rate; 
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In this way it was found that in one experiment all the cervical sympathetic 
accelerator fibres were passing to the heart in the only large cardiac branch from 
the stellate ganglion (Fig. 2a, 6). In the other experiments, however, all the 
accelerator fibres.in the cervical sympathetic nerve crossed to the heart in one 
branch of a small plexus of nerves leaving the intra-thoracie portion of the 
ventral limb of the ansa subclavia (Fig. 2c). Furthermore, in this experiment 
accelerator fibres were found to ascend in the ventral limb of the ansa and then 
to return to the thorax in the thoracic vagosympathetic trunk. The evidence for 
this was that after section of this trunk at the level of the subclavian artery 
the response to cranial stimulation of the ventral limb of the ansa was abolished 
(Fig. 2d). 


DISCUSSION 


In these experiments it has been shown that cardio-accelerator fibres are 
present in the caudal or lower part of the right cervical sympathetic nerve of 
sheep. Evidence of the thoracic origin of these fibres has been found and it 
follows, therefore, that they are recurrent in the cervical sympathetic nerve. 
Furthermore, they are a mixture of preganglionic fibres relaying in the stellate 
ganglion and post-ganglionic fibres presumably from cells either in the 
thoracic sympathetic ganglia or in the middle cervical ganglion, a possibility 
which has been indicated in Fig. 2. 

It is interesting that there is a relation between the level to which recurrent 
accelerator fibres ascend’in the cervical sympathetic nerve and the level at 
which the middle cervical ganglion a occurs. From the limited number of 
observations made here the upper level which the recurrent fibres reached was 
always caudal to this ganglion. From this it appears that the growth of pre- 
ganghonic accelerator fibres into the right cervical sympathetic might be 
related to factors determining the occurrence and position of the upper portion 
of the middle cervical ganglion on that side. 

The possibility that sympathetic preganglionic fibres from the upper 
thoracic outflow might ascend into the cervical sympathetic nerve before 
‘looping’ back to the thorax in the same nerve was postulated by Dixon & 
Ransom (1912) to account for descending bronchodilator fibres. in the cervical 
sympathetic nerve of the cat. Furthermore, Langley (Langley & Anderson, 
1894; Langley, 1900) suggested to these authors that branching axon collateral 
fibres equally could account for their results. Daly & Mount (1951) confirmed 
that bronchomotor fibres m the cervical sympathetic nerve of the cat do in 
fact issue from the upper thoracic sympathetic outflow and are preganglionic 
to cells in the stellate and middle cervical ganglia, although they were unable 
to decide whether they were ‘looping’ or axon collateral fibres. Similar con- 
clusions were reached by Daly & Hebb (1952) about the origin and course of 
the pulmonary vasoconstrictor fibres found by them in the previously de- 
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generated cervical vagosympathetic trunk of dogs. However, because Daly & 


Mount obtained an approximately equal response to stimulation of the 
cervical sympathetic nerve either high up or low down, they tentatively sug- 
gested that branching, axons might be present. The experiments reported here 
differ from theirs in that the cardio-accelerator response always progressively 
increased as the stimulating electrodes were moved down the cervical sympa- 
thetic nerve towards the —— which suggests a different arrangement in the 
sheep. 
SUMMARY 

1. Cardio-accelerator fibres have been demonstrated in the lower course of 
the right cervical sympathetic nerve of sheep. These fibres are mostly pre- 
ganglionic to the right stellate ganglion but also sometimes contain a small 
post-ganglionic component. There is no evidence for such fibres being present 
in the upper half of the right cervical sympathetic nerve or in any part of the 
left cervical sympathetic nerve. 

2. The cardio-accelerator fibres of the neck come from the thorax through 
the limbs of the ansa subclavia and ascend in the right sympathetic nerve. 
They return to the thorax in the same nerve; their further course between the 
cervical sympathetic and heart is variable. 


I am grateful to Drs I. de Burgh Daly and Catherine 0. Hebb for guidance and advice, and to 
Dr Hebb also for assistance with the operations. My thanks are due to G. Jones for technical 
assistance. 
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THE ACTION OF HISTAMINE, PILOCARPINE AND 
5-HYDROXYTRYPTAMINE ON TRANSMISSION 
THROUGH THE SUPERIOR CERVICAL 
GANGLION 


By U. TRENDELENBURG : 
From the Department of Pharmacology, University of Oxford 
(Received 11 July 1956) 


Intra-arterial injections of histamine, pilocarpine and 5-hydroxytryptamine 
(5-HT) into the blood supply of the superior cervical ganglion of the cat were 
found to potentiate the response of the nictitating membrane to submaximal 
preganglionic’ stimulation (Trendelenburg, 1955, 1956a). The nictitating 
membrane is known to be innervated by the fast-conducting §, fibres originating 
in the superior cervical ganglion, while the blood vessels are innervated by 
the slower-conducting 8, fibres (Bishop & Heinbecker, 1932; Eccles, 1935a). 
The present study was undertaken in order to confirm that the potentiating 
action of the three substances was exerted on the ganglion, and in order to 
obtain evidence for a similar potentiation of impulses conducted in the §, 
fibres. 
METHODS 

Cats of 2-4 kg were used. After inducing anaesthesia with ether, 80 mg/kg chloralose was injected 
intravenously. The pre- and post-ganglionic fibres of the superior cervical ganglion were exposed 
by removal of the larynx, of.part of the oesophagus and of the longus colli muscle. The nerves were 
covered with warm liquid paraffin. 

_- The movements of the nictitating membrane were recorded by attaching it to an isotonic lever 
fitted with a frontal writing point. Post-ganglionic fibres were stimulated only in those experi- 
ments in which the contractions of the nictitating membrane were recorded. A unipolar platinum 
electrode, hooked round the nerve, was used in conjunction with an indifferent electrode which 
was in contact with muscles of the neck. Preganglionic fibres were stimulated with bipolar plati- 
num electrodes, the current being supplied from a conventional electronic stimulator via a radio 
frequency probe unit (Perkins, 1955) to minimize capacity between electrodes and earth. For 
electrical recording of action potentials both pre- and post-ganglionic fibres were cut as far from the 
ganglion as possible. Unipolar platinum recording electrodes were placed at a distance of 7-10 mm 
(preganglionic) and 2~4 mm (post-ganglionic) from the ganglion. In conjunction with a common 
indifferent electrode, lying close to the ganglion, records were taken with two independent a.c. 

pre-amplifiers whose output was displayed on the two beams of a Cossor 1049 oscilloscope. 

A cannula was inserted into the central end of the tied and cut lingual artery. Intra-arterial 
injections were made during occlusion of the external carotid artery, so as to divert the injected 
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substance to the ganglion. The substances used were: histamine dihydrochloride, pilocarpine 
nitrate and 5-hydroxytryptamine creatinine sulphate, all expressed as salts. The solutions were 
neutralized. 

RESULTS 
Recording the movements of the nictitating membrane 
Submaximal stimulation was applied for periods of 5 sec twice per minute, the 
rate of stimulation being 15/sec and the duration of each shock 0-7 msec. 
Stimulation of the pre- and post-ganglionic fibres was alternated, and the 
strength of stimulation was chosen so as to cause contractions of the nictitating 
membrane of about similar height for both pre- and post-ganglionic stimula- 
tion. Under these conditions intra-arterial injections of 5-20yug of histamine, 


| a b 

100 

5ugH 10mg P 20ug HT 

Min after injection 


Fig. 1. (a) and (b), cat under chloralose, 4kg; (c) cat under chloralose, 3-5 kg. Response of the nicti- 
tating membrane to intermittent submaximal stimulation applied alternatingly to pregang- 
_ lionic (solid line) and post-ganglionic (broken line) fibres of superior cervical ganglion. Intra- 
arterial injections of 5 ug histamine (H), 10g pilocarpine (P) and 20ug 5-HT (HT). Changes 

in the height of response were expressed as percentage of initial height of contraction. 


of pilocarpine or of 5-HT always caused potentiation of the response of the 
nictitating membrane to preganglionic stimulation, but usually failed to 
change the response to post-ganglionic stimulation. Only occasionally did 
5-HT cause a slight potentiation of the response to post-ganglionic stimulation, 
which was always much smaller than the corresponding potentiation of the 
response of the nictitating membrane to submaximal preganglionic stimula- 
tion. The results of three typical experiments are shown as graphs in Fig. 1. 
Electrical recording of action potentials te 
Eccles (1935a) described two groups of fibres in the cervical sympathetic 
chain which he has named §, and S,, conducting at 15-22 and 7-14 m/sec 
respectively. Fig. 2@ shows the post-ganglionic response to weak sis sea 
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stimulation. The group of preganglionic fibres responsible conducted at 15- 
20 m/sec and thus corresponded with Eccles’s group 8,. When the stimulus 
strength was increased a second group of preganglionic fibres was excited, 
conducting at about 10 m/sec (Eccles’s group §,) and the corresponding post- 
ganglionic potentials are’shown in Fig. 2c and d. 

The contraction of the nictitating membrane caused by preganglionic stimu- 
lation of varying strength was compared with action potentials of pre- and post- 
ganglionic fibres. Such a comparison was possible by taking two steps: first the 
preganglionic action potentials produced by increasing strength of pre- 
ganglionic stimulation were compared with the contractions of the nictitating 
membrane. This was done before cutting the post-ganglionic fibres. A close 
correlation between the height of contraction of the nictitating membrane and 


20 msec 


Fig. 2. Post-ganglionic action potentials caused by preganglionic stimulation, the strength of 
which was increased from being just above threshold (a) to maximal (d). The faster conducting 


fibres with low threshold were §, fibres, the slower conducting ones with higher threshold 8, 


fibres. Stimulus artifact at arrow. 


the height of action potentials of the 8, fibres was observed. When pregangli- 
onic stimulation caused a nearly maximal contraction of the nictitating 
membrane, all preganglionic fibres of the 8, group were excited, whereas action 
potentials of the 8, fibres were obtained only when the strength of stimulation 
was further increased. The post-ganglionic fibres were then cut and the post- 
ganglionic action potentials werg,recorded simultaneously with the pregangli- 
onic ones. The height of the preganglionic action potentials of both the 8, and 
the 8S, groups was correlated with the height of the corresponding groups of the 
post-ganglionic action potentials. Confirming Eccles (1935a) it was thus 
found that impulses set up in the 8, group of the preganglionic fibres are con- 
ducted through the post-ganglionic 8, fibres and are responsible for the 
contraction of the nictitating membrane; the pre- and post-ganglionic 8, 
fibres, on the other hand, do not carry impulses to the nictitating membrane. 

It has been found that histamine, pilocarpine and 5-HT potentiated the 
transmission through the superior cervical ganglion of impulses in the 8, 
fibres. Submaximal preganglionic stimulation was applied continuously at a 
rate of 10/sec, the strength being chosen so as to cause a submaximal height of 
action potential of the 8, fibres. Action potentials were photographed before, 
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and at different time intervals after, the intra-arterial injection of a substance. 
In Fig. 3, in which the sweep was set at a slower speed than in Fig. 2, the 
action potentials of the 8, group appear as a fast initial spike; the slower and 
later part of the composite action potential indicates the 8, group. 
Experiments were performed on ten cats. Fig. 3 illustrates an experiment 
in which the intra-arterial injection of 40g histamine increased the height of 
the post-ganglionic action potentials of the S, fibres. The response of the 8, 


fibres was maximal and remained unchanged. Similar results were obtained 
with 5-HT and pilocarpine (Fig. 4). 


10 msec 

Fig. 3. Cat under chloralose. Post-ganglionic action potentials caused by submaximal pre- 
ganglionic stimulation at a rate of 10/sec: a, before; b, 5 sec; c, 15 sec; d, 60 sec, and e, 90 sec 
after intra-arterial injection of 40 ug histamine. 


1307 


Min after injection 


Fig. 4. Cat under chloralose, records from two different preparations. Potentiation of submaximal 
post-ganglionic action potentials of the 8, fibres by intra-arterial injections of 20ug 5-HT 
(HT) and 100yug pilocarpine (P); submaximal preganglionic stimulation at 10/sec; changes of 
post-ganglionic response expressed as percentage of initial height of action potential of post- 
ganglionic 8, fibres. | 

Intra-arterial injections of histamine, pilocarpine and 5-HT were made in 
varying orders. In five out of ten cats the first injection caused potentiation of 
the post-ganglionic response of the §, fibres. In three experiments the first 
injection was histamine, in three pilocarpine and in four, 5-HT. In all experi- 
ments except two, however, a second injection was ineffective. In two experi- 


_ ments £he phenomenon could be demonstrated twice; in one histamine was 
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injected twice, in the other the injection of pilocarpine followed that of hista- 
mine. Intra-arterial injections of 20-40yg histamine were found to cause 
potentiation of the post-ganglionic response of the 8, fibres three times, in- 
creasing the action potentials by 15, 25 and 27% of their initial height. The 
height of preganglionic action potentials remained unchanged. Two injections 
of 50-100 ug pilocarpine caused potentiation (24 and 25 % of the initial height), 
and two injections of 10-20ug of 5-HT had a similar effect (15 and 29% 
increase). No effect, or changes of less than 10%, were observed in the other 
experiments. Inhibition of ganglionic transmission was never observed. 
Maximal potentiation was usually observed 5-15sec after injections of hista- 
mine and 5-HT, and in 30—90 sec after those of pilocarpine. Potentiation caused 
by histamine and 5-HT lasted for about 2~3 min, that caused by pilocarpine 
for 3-5 min (Fig. 4). These figures are probably too low, as the response 
to submaximal preganglionic stimulation tended to decline throughout the 
experiment. This shortened the period of potentiation, which was taken as thi 
time interval between the injection and the return of the action potential to the 


Fig. 5. Cat under chloralose. Post-ganglionic action potentials of 8, fibres caused by submaximal 
preganglionic stimulation 10/sec; a, before; 6, 5 sec; and c, 20 sec after intra-arterial injection 
of 5-HT. 


height of the control. The tendency of the post-ganglionic response to decline 
was, on the other hand, a safeguard against the possibility of spontaneous 
changes being mistaken for a potentiating effect. A spontaneous increase of 
the response to submaximal preganglionic stimulation was never observed. 

Some injections of either of the three substances caused a considerable in- 
crease of the small positive after-potential, which was already present in tie 
control records (compare Fig. 5a and 6). The increase of the positive after- 
potential had the effect of lowering the base line, so that the apparent height of 
the post-ganglionic 8, action potential was reduced. But if measurement is 
made from the peak to the new base line as displaced by the after-positivity, it 
can be seen that the height of the 8, potential was not depressed. There is no 
reason to suppose that the presence of the after-potential implied any failure of 
ganglionic transmission, for a similar after-positivity was reported by Eccles 
(19356) following the injection of small amounts of nicotine, which were 
insufficient to cause any block of transmission. 

For all measurements of potentiating effects the initial base line was used, 
whether an after-positivity appeared or not. This made some of the measured 
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values too small, since the actual height of the 8, action potentials was con- 
siderably greater, if measured from the new base line of the after-positivity. 
As the exact change of the base line was not known, this additional increase in 
height of the action potentials was disregarded. 

A 


DISCUSSION 
The present results confirmed that histamine, pilocarpine and 5-hydroxy- 
tryptamine (5-HT) caused potentiation of the response of the nictitating 
membrane to submaximal stimulation of the preganglionic fibres by an action 
on the ganglion. As histamine and pilocarpine failed to potentiate the response 
to post-ganglionic stimulation, a peripheral action of these two substances was 
, excluded. The occasional slight potentiation of the response of the nictitating 
membrane to post-ganglionic stimulation observed after intra-arterial injec- 
tions of 5-HT was probably due to the escape of a small amount of 5-HT to the 
nictitating membrane. 5-HT has been found to sensitize the response of the 
nictitating membrane to the stimulant action of adrenaline (Lecomte, 1953). 
The response to submaximal preganglionic stimulation, however, was much 
} more potentiated than that to post-ganglionic stimulation, and the main 
action of intra-arterial injections of 5-HT was exerted on the ganglion cells. 
When recording the action potentials of the post-ganglionic fibres it was 
found that impulses conducted in the 8, fibres were potentiated after intra- 
arterial injections of either of the three substances studied. Although this 
effect was observed less regularly than the potentiation of the response of the 
nictitating membrane, it was present in 50 °% of the preparations. The relatively 
} low proportion of positive results may have been caused by the considerably 
longer time which was necessary for setting up this preparation and testing the 
apparatus. The time of preparation was comparable to that needed for perfu- 
sion of the superior cervical ganglion, a preparation in which the three sub- 
stances were found to be less active than when injected into the blood supply 
of the ganglion (Trendelenburg, 1956). The results agreed with those obtained 
’ by Marrazzi (1939) who observed potentiation of the post-ganglionic action 
potentials after injections of pilocarpine. The same author, however, described 
inhibition of synaptic transmission through the ciliary ganglion of the dog by 
injections of large amounts of 5-HT (65yug/kg) (cited by Page & McCubbin, 
1953). 
The positive after-potential which developed after some of the injections of 
histamine, pilocarpine and 5-HT was probably of ganglionic origin. Kecles 
(19356) observed a similar positive after-potential after injections of small 
amounts of nicotine when recording from the first 4 mm of the post-ganglionic 
fibres; this distance was identical with that of the electrodes in the present 
experiments. According to Eccles small amounts of nicotine, which did not 
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inhibit synaptic transmission, abolished the slow negative N-wave. As the 
N-wave is considerably developed under the summit of the 8, fibres, its reduc- 
tion will cause an apparent diminution of the height of the action potential of 
the 8, fibres, by unmasking the slow positive P-wave. 

From the present results it is concluded that histamine, pilocarpine and 
5-HT are able to potentiate on their way through the superior cervical ganglion 
impulses conducted both in the 8, and the 8, fibres. As the 8, fibres are 
supposed to innervate blood vessels (Bishop & Heinbecker, 1932), this action 
of histamine and pilocarpine may well contribute to the appearance of a 
secondary rise of blood pressure after intravenous injections of these substances, 
as suggested earlier (Trendelenburg, 1955). 


SUMMARY 

1. Intra-arterial injections of histamine, pilocarpine and 5-hydroxy- 
tryptamine (5-HT) potentiated the response of the cat’s nictitating membrane 
to submaximal preganglionic stimulation, but usually not that to submaximal 
post-ganglionic stimulation. It has been confirmed that impulses to the 
nictitating membrane are conducted in §, fibres. 

2. During continuous preganglionic stimulation intra-arterial injections of 
the three substances caused an increase in the height of submaximal post- 
ganglionic action potentials of the 8, fibres originating in the superior cervical 
ganglion. 

3. It is concluded that these potentiating effects of histamine, pilocarpine 
and 5-HT were caused by an action on the ganglion cells. 


I wish to express my thanks to Dr E. Biilbring for her advice and help. My thanks are also due 
to Mr D. Groves without whose help the electrical recording would have been impossible. 
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EFFECTS ON PURKINJE CELLS OF SURFACE STIMULATION 
OF. THE CEREBELLUM 


By RAGNAR GRANIT anp C. G. PHILLIPS* 


From the Nobel Institute for Neurophysiology, Karolinska Institutet, 
Stockholm 60, Sweden 


(Received 27 July 1956) 


From the pioneer Ferrier (1886) onwards surface stimulation of the cerebellum 
has been practised by many experimenters, and it is clear that the effect of 
excitation of the cortex must ultimately be due to events in its outgoing path- 
way originating in the Purkinje cells (P-cells). Some of the problems of cere- 
bellar action and after-action have, indeed, been posed in terms of the probable 
mode of response of the P-cells to the different kinds of electrical stimulation 
employed (Moruzzi, 1950). The absence of data on the behaviour of P-cells 
under such circumstances is almost certainly explained by difficulties of 
electrical resolution coupled with formidable distortion by shock artifacts. The 


most accessible P-cells will actually be found to lie about 0-2 mm below the 


stimulating cortical electrode. Phillips (1956), with Betz cells, circumvented 
these difficulties by intracellular recording. The spikes are then large enough 
to allow of low gain amplification and thus of deriving the full benefit of 
balancing devices for artifact compensation. 

Granit & Phillips (1956) have recently found that large amplitude spike 
potentials can be obtained from cerebellar cells which have been identified as 
P-cells by antidromic or monosynaptic stimulation. Intracellular recording is 
vitiated by injury discharges, but the outside approach with capillary micro-— 
electrodes gave large enough spikes to suggest that it would be feasible to 
investigate P-cells below the cortical stimulating electrode and thus to supply 
the missing data. 

Accordingly, the problems raised, and also solved, in this investigation 
concern ditect and indirect activation of P-cells by surface stimulation. By 
direct. activation is meant depolarization of P-cells by a surface-anodal 
stimulus; by indirect activation, the fact that other structures, in particular 
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the stellate and basket cells in the molecular layer above the P-cells and the 
granular cells just below them, can hardly remain uninfluenced by the 
stimulating current and so must set up trans-synaptic effects on the P-cells, 
excitatory or inhibitory as the case may be. 

Furthermore, by restricting our observations to the anterior lobe, which is 
probably the part most commonly studied by surface stimulation, we have 
been able to make a rough estimate of the number of P-cells that have to be 
inactivated in order to elicit a visible response in the animal. By varying 
distance and depth from the stimulus site in measurements of threshold effects 
we have endeavoured to duplicate the similar experiments by Phillips (1956) on 
the Betz cells of the motor cortex, due regard being paid to differences of 
structural organization. 


METHODS 

Cats were decerebrated at precollicular level by suction under Thiogenal (Merck, Darmstadt; 
sodium salt of 5-(2-methylthioethyl)-5-(L-methylbutyl)-2-thiobarbituric acid) anaesthesia. For 
the purposes of mapping, the anterior lobe of the cerebellum was flooded with warm mineral oil 
and explored with a focal electrode (a spring-mounted silver ball 0-5 mm in diameter). The stimu- 
lating rectangular pulses were positive- or negative-going with respect to the remote earth 
electrode. To increase the background rigidity of the forelimbs, the spinal cord was cut in the mid- 
thoracic region under trichlorethylene anaesthesia after the preliminary map had been drawn. The 
relaxation of rigidity in the forelimb and ite post-inhibitory recrudescence were observed by hand 
and eye. In some experiments the limb was attached to a strain-gauge myograph by a thin rubber 
strip. The tension in the rubber was sufficient to flex the limb passively when the extensor rigidity 
was relaxed. The timing of relaxation and rebound could then be read off from the myographic 
record. 

The methods of fastigial stimulation and micro-electrode recording have already been described 
in full detail (Granit & Phillips, 1956), together with the criteria of P-cell identity. 

Cells lying in the superficial parts of the cerebellar folia (depth up to 0-5 mm) were probed with 
microcapillaries whose terminal 05mm of shaft was very fine (diam. about 10-20,): dc. 
resistance was 5-10 MQ). Such fine capillaries can be pushed through the intact pia (the blood- 
veasels being avoided by microscopical observation) without indenting it or breaking themselves, 
and with less risk of superficial cortical damage than if the pia has to be reflected. Cells lying in the 
deeper folds were approached through fine pial incisions, which are necessary to permit the entry 
of the wider (about 50-70 diam.) part of the micropipette shaft. 

The focal electrode used for stimulating the overlying cortex was the 0-5 mm pore in the 
watch-glass used to control cardiovascular and respiratory pulsation (Phillips, 1956). A chlorided 
silver wire dipped into the pool of Ringer’s solution filling the watch-glass, making the pore electrode 
positive (‘surface positive’) or negative (‘surface negative’) with respect to the subcutaneous 
| reference (earth) electrode, which was also of chlorided silver. For stimulation at a short distance 

(about 2 mm) horizontally along the same folium, or (to control the factor of current spread) on 
an adjacent folium, watch-glasses with two or three pores were used. The corresponding Ringer 
pools were well insulated from one another with paraffined partitions. The stimulator could be con- 
nected to any pool. Designed by Dr B. Frankenhaeuser, it delivered rectangular pulses of either 
polarity, whose voltage, duration, repetition frequency, and train duration could be independently 
varied. Shock artifacts were balanced by a bridge arrangement in which the second cathode 


follower of the high impedance amplifier input was connected to the slider of a 100 kQ potential 


divider connected across the stimulator output (Phillips, 1956). 
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RESULTS 
A. Motor effects of anterior lobe stimulation 


An array of papers beginning with Sherrington (1898) and Léwenthal & 
Horsley (1897) up to the present era (see summary by Moruzzi, 1950) has 
demonstrated that ipsilateral inhibition on the extensors, often followed -by 
rebound, is a characteristic response to stimulation of the anterior lobe in the 
stiff decerebrate preparation. In attempting to verify this observation and to 
measure stimulus strength in our own preparations, which were decerebrated 
by suction, we found the precollicular cat, which (in our hands) has a rigidity 
of the soft plastic type, mostly to respond in terms of ipsilateral forelimb 
flexion alone. The limb tended to remain in the flexed state for a long time and 
had to be passively re-extended for the next observation. Maps on the anterior 
lobe were plotted for threshold strength and the most sensitive region was 
generally found to be just medial to the ipsilateral paravermian vein. A more 
lateral stimulus tended to give ipsilateral extension (see, for example, Moruzzi, 
1950, pp. 25-26). Stronger stimuli also gave contralateral reciprocal effects. 
Variations of stimulus frequency and duration did not fundamentally alter the 
responses obtained but the threshold reached a minimum at rates somewhat 
above 100/sec. Effects were hardly ever obtained below 2-0 V. 

In agreement with other workers (e.g. Bremer, 1922; Miller & Banting, 1922; 
Denny-Brown, Eccles & Liddell, 1929; Hare, Magoun & Ranson, 1936), we 
found ipsilateral extensor inhibition and flexor excitation to be the most 
regular and easily elicitable effect of threshold stimulation of the anterior lobe. 
We therefore tried to create optimal conditions for inhibition of extensor tonus 
by spinal cord section (under trichlorethylene) which produces stiff forelimbs 
(the well-known Schiff-Sherrington phenomenon). After some time for recovery 
the cerebellar cortex was re-mapped against this background. After spinal 
transection the characteristic extensor inhibition was regularly followed by 
rebound. The cortical area from which this effect was obtained at threshold 
underwent a large increase and at the same time the threshold also fell, 
suggesting that we had obtained the sensitization desired. It is impossible to 
know whether this change in cortical reactivity was due to a change of input 
pattern into the cerebellum or to a sensitization at some lower level in the 
neuraxis or to both. The important point in the present work was to obtain an 
approximate figure for threshold stimulus strength with a reproducible 
indicator in terms of muscular movement. We never succeeded in reaching 
below 0-8-1-0 V. at frequency 140/sec and stimulus duration 50sec. Faster 
tates did not improve this threshold. The rebound had a long latency, never 
below a second and mostly a great deal longer. The measurements of threshold 
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Moruzzi in his summary (1950) has minimal values around 0-5 V for the same 
indicator response. The stimulating electrodes used by most earlier workers 
were probably a great deal larger than the silver ball 0-5 mm in diameter that 
we had. As will be shown below, superficial P-cells may respond to 0-015 V. 
It will depend also upon the size of the contact area how many such cells are 
directly involved in cortical stimulation. Our figures refer to the particular 
conditions of our experiments and the motor threshold of the animal merely 
serves as a reference point to be kept in mind when precise measurements are 


given below for excitation of P-cells as a function of distance, depth and 


number of cells excited. 


B. Effects of single shocks 

(1) Superficial P-cells. An indirect index of P-cell activity has been used by 
Moruzzi and his collaborators (Mollica, Moruzzi & Naquet, 1953) who started 
or stopped the activity of individual reticular cells in the medulla by anodal 
polarization of the cerebellar surface. In agreement with their work we too find 
minimum thresholds to surface-positive pulses, provided that the P-cells are 
superficial and lying just below the pore, 0-5 mm in diameter, by which the 
Ringer’s fluid makes contact with the cortex. Our values for direct excitation 
generally fall below 100 mV (Text-figs. 1, 2) and are lower when natural firing 
is.in progress than when the cell is silent. Thus in Text-fig. 1 record A (lower) 
identifies the cell (depth 0-2 mm) by its response to a fastigial shock : a positive- 
_ going prepotential leading into a diphasic positive-negative spike (amplitude 
about 25 mV peak-to-peak), with a latent period of 0-7 msec. The records B 
are two surface-positive pulses of 100 mV strength and 5-5 msec duration. The 
second fired the cell with a longer utilization time owing to the delivery of this 
pulse very soon after a natural impulse, as shown in the continuous record 
above the sweep. When the pulse was made surface negative (C) it failed to fire 
the cell. Strength was then increased to 140 mV and brief tetani given. The 
surface-positive shocks (D) again fired the cell whilst the negative ones (£) 
were ineffective at the same strength. 

Text-fig. 2 is a summary of our results with single pulses, a plot of depth in 
millimeters against threshold stimulus strength in mV. Of the cells at less than 
0-5 mm depth thirty-three out of thirty-four had thresholds of the same order 
as that of the one illustrated in Text-fig. 1. All those were surface purer for 
minimum strength. 

It is hardly riecessary to dwell in detail upon the relation of threshold strength 
to firing because our results, as far as they go, are merely a replica of those 
recorded by Phillips (1956) with Betz cells in which satisfactory intracellular 
potentials were obtained. By such means it could be demonstrated directly 
that the thresholds became lower. when the potential of the cell membrane 
swung towards depolarization. This would here be the case when some firing 1s 
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in progress, unless the shock happens to fall into the trough of repolarization 
succeeding @ natural impulse (Text-fig. 1B, on the right). Cerebellar P-cells 
vary in @ highly random fashion from silence to firing at. modest rates of 30-60 
per sec during which the threshold easily might vary from 100 to 200 mV, the 
high values coinciding with periods of silence. This range is illustrated by 
horizontal lines in Text-fig. 2. Or, again, if the positive pulse was kept at 


Text-fig. 1. Purkinje cell record (micro-electrode depth 0-2 mm). In this and later figures, upper 
records (time, 1-0 sec) show relation of stimuli and responses to background rhythm of cell. 
Sweeps show same shocks and responses on an expanded time scale (1000 c/s). Positivity 
of microelectrode signalled by wpward defiexion (except in parts of Text-figs. 5 and 6). 
A, fastigial shock, latency 0-7 msec; B, single cortical shocks, strength 100 mV, surface posi- 
tive, pulse duration 5-5 msec—utilization time is longer when shock is closely preceded by a 
natural impulse; C, surface negative pulses (same strength and duration) always fail to excite ; 
D, shorter pulses at 140 o/s, strength 140 mV, surface positive. First shock finds cell refractory, 
shocks 2 to 4 fire it, with lengthening latencies, and shock 5 (not shown on sweep) fails to fire; 
£, same tetanus with reversed polarity—no effect. 


100 mV, it might fire from one to three spikes, depending upon the amount of 
background activity. Exactly as in the work of Phillips, higher excitability 
was characterized by shorter utilization periods. We conclude that the 
correlations between. discharge and membrane potential of the Betz cells, 
established by Phillips, are likely to be valid for cerebellar cells too. 

(2) P-cells in deeper folds of cerebellar folia. A striking alteration of the 
picture takes place when deeper-lying P-cells are picked pp. Text-fig. 2 shows 
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that the lower thresholds now tend to accumulate around the surface-negative 
orientation of the stimuli whilst surface-positive shocks require very much 
stronger pulses. The two thresholds (+ and —) are joined by lines in the figure. 
The range of strength is very wide. Variation in polarity for greatest sensitivity 
to direct stimulation may be due to differences in orientation of the deeper- 
lying P-cells, whose long axes are disposed at many different angles with 
respect to the cerebellar surface. Evidently, too, the further away from the 
stimulating pore electrode the cell lies, the more numerous are the other 
excitable eleménts interposed between it and the electrode, so that the 
possibilities of indirect excitatory and inhibitory effects are correspondingly 
richer. These may mask the direct effects of the pulses on the P-cell; or, indeed 
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Text-fig. 2. Diagram showing surface-positive and surface-negative threshold for discharge of a 
single impulse by cells at different depths, i.e. in superficial and deeper folds of folia; linked 
symbols denote surface-positive and surface-negative threshold for each cell. Inset (bottom 
left-hand corner of figure) surface-positive stimulation of seventeen most superficial cells. 
For four of these, the range of threshold, which depends on the background activity, is 
shown by horizontal lines. A further sixteen superficial cells (not plotted here) had similar 
thresholds, 


the only effects upon it may be indirect ones. The records reflect these varia- 
tions by being mixtures of short utilization times indicating direct excitation 
with various inhibitory phenomena, among them responses of the ‘inactiva- 
tion type’ described by Granit & Phillips (1956). 

(3) Stumulus spread sideways. A somewhat similar situation arises when a 
superficial P-cell is picked up and the stimulating pore is shifted sideways. The 
major interest of this arrangement will be that it is possible to achieve some 
measure of differentiation between physiological and physical stimulus spread. 
A cortical electrode 2 mm distant along the long axis of the folium will excite, 
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for example, the granular cells (just below the P-cells) which are so numerous 
and possess highly developed horizontal conduction pathways towards the 
cell under the micro-electrode. If the stimulating pore is at the same distance 
but on an adjacent folium the factor of physical spread will be relatively more 
important, if in both cases the same amount of excitation be achieved. 
Actually, with five experiments in which excitation along the axis of the 
folium proved easy enough to elicit, shocks of similar strength would not start 
the P-cell from the adjacent folium. Table 1 summarizes the observations on 
thresholds at distances of 2~-2-25 mm along the folium. 


TasLz 1, Threshold voltages for superficial Purkinje cells (depth less than 0-5 mm.) 
B. Distant thresholds 


(2-0-2-5 mm from A) 
A. Home threshold, - 
surface-positive  Surface-negative ere 
Unit no. (mV) (V) (V) ) 
1 80 0-65 1-0 
2 32 0-65 1-0 
3 80 0-5 >1-0 
4 80 0-8 
5 14 
6 16 0-5 >0-5 
7 100 0-5 >10 
8 100 0-5 1-0 
9 21 0-4 10 
10 17 0-5 10 
11 80 0-8 1-4 
12 17 0-5 1-7 
13 32. 0-8 1-7 
~~ 14 40 10 1-0 
15 65 0-5 
16 32 0-65 0-8 
* Not measured, 


The table shows that the lowest threshold pulses were surface negative, but 
analysis of the records proved this response to be a discharge at ‘break’ 
(Text-fig. 3) and not of the highly variable type seen when distance was 
increased vertically as ‘depth’. It should be recalled that histologically 
‘depth’ introduces more complications than ‘distance’ longitudinally on the 
surface. The P-cell-granular layer is folded in a complex, and, from place to 
place, unpredictable fashion. As the microelectrode strikes layer after layer, 
the folds bring in a factor of ‘distance’ and at the same time several layers 
with a variety of cells (basket, stellate, granular, P-cells with recurrent col- 
laterals). ‘Distance’ longitudinally on the surface should always be dominated 
by the efficient conduction system provided by the horizontally-running 
axons of the granule cells. 

Text-fig. 3, with two P-cells, demonstrates the threshold break response to 
cathodal pulses for a longitudinal distance of 2mm (B, Z) compared with 
stimulation through the pore containing the micro-electrode (A, D). The two 
lowermost records (C’, F) demonstrate the effects of the stronger positive pulses 
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needed to excite the cell from the distant pore. Only 20-30 mV were required 
to excite these cells at their site by surface positive pulses, while between 1000 
and 2000 mV were needed to excite them from a distance of 2mm. The 
mechanism of distant excitation was clearly different in the two cells. In the 
first (Text-fig. 3, B, C) excitation occurred shortly after the make or break of 
the stimulating pulse, depending on the polarity. In the second (Text-fig. 3, 
_ E, F) it occurred after the break of both positive and negative pulses, and took 
the form of delayed repetitive firing. 


Text-fig. 3. Responses of two superficial Purkinje cells (micro-electrode depths 0-24 and 0-5 mm) to 
stimulation at the overlying pore electrode (A, D) and at the distant pore electrode, 2 mm 
along the same folium (B, C; #, F). Sweep scale 1000 c's, Cell 1. A, surface-positive pulses 
at overlying (“home’) electrode, strength 32 mV, fires cell early, unless closely preceded by 4 
natural impulse. B, surface-negative pulse at distant electrode, strength 0-8 V, excites after 
break of current; latency about 1-2 msec. C, surface-positive pulses, strength 1-7 V (distant), 
excite after make of current, latency about 1-2 msec. Cell 2. D, ‘home’ electrode, surface- 
positive, threshold 21 mV. Z, distant electrode, surface-negative, threshold 0-4 V—brief 
burst of impulses follows break of current; latency about 7-0 msec. F, distant electrode, 
surface-positive, threshold 1-0 V—brief burst after break, latency 5-0—7-0 msec. 


Since, as a rule, the threshold current at 2 mm distance only excites at break 
and does it longitudinally but not transversely across a folium, it is probably 
mainly an indirect excitation prevented from appearing at ‘make’ because of 
the anodal polarization surrounding the region of a cathodal pulse. 

In terms of our threshold for movement which was of the order of 1-0 V 
under optimal conditions (sensitive cortex, repetitive pulses), a highly re- 
stricted positive pulse of that order is likely to excite from one to three layers 
of P-cells within an area with a radius of the order used (2-0 mm). 
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(4) Inhibition in response to single pulses. Over and above the excitation of 
P-cells to the discharge of one or more impulses, single square-wave pulses 
sometimes have an inhibitory effect, manifested in slowing or arrest of the 
natural impulse trains, or detected by experimental interference between 
single impulses, as evoked from the fastigial electrode, and cortical shocks. 
Such inhibition is sometimes seen as the sole response to the cortical pulses. 


Text-fig. 4. Purkinje cell, micro-electrode depth 0-35 mm. Interaction between cortical and 
fastigial shocks. In this figure the strips of continuous record are arranged vertically, to the 
left of the corresponding sweep (time, 1000 c/s). A, surface-positive stimulus, strength 
in top fires one or two impulses, unless sandwiched between inactivation responses (as 
125 mV; record). B, fastigial stimulus, latency 0-8 msec; the unit spike is preceded by the 
massed P-cell potential, which is to be distinguished from the unit prepotential (see also Text- 
fig. 5). C (above downwards), fastigial stimulus made progressively earlier in relation to 
cortical stimulus; fastigially evoked impulse fails when shock falls at end of first cortically 
evoked impulse (bottom record); the massed positive-going P-cell potential evoked by the 
fastigial stimulus alone survives. In middle two sweeps note increasing latency of fastigially 
evoked spike. 


The evidence for the statements which follow is based on examination of 
records of more numerous trials than can be illustrated here. Full information 
is difficult to obtain on account of the great variation in natural activity from 
one cell to another, and in one and the same cell from time to time. Natural 
firing may be absent altogether, or too slow and irregular to reveal inhibitory 
effects. 

Mere blocking by refractoriness is easily demonstrated. Text-fig. 4.4 shows 


three responses of a superficial P-cell to near-threshold (125 mV) surface 
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positive shocks. The first is sandwiched between two inactivation responses 
(Granit & Phillips, 1955) and has no effect, but the others fire one or two 
impulses. Text-fig. 4B is the response to the fastigial shock alone. It begins 
with a small positive hump which is the massed response from several P-cells, 
and should be distinguished from the subsequent specific prepotential proper 
to the discharging cell lying under the micro-electrode, which (on the compressed 
time scale used) appears as a thickening of the foot of the spike (cf. Granit & 
Phillips, 1956). In the records C the fastigial shock is shifted up towards the 
spike elicited by the cortical pulse. In the bottom record it is near enough to 
fall in the refractory phase of the first impulse and accordingly the fastigial 
spike fails to appear. What is left is merely the massed positive response. By 
contrast true inhibition was seen in cases in which the cortical pulse was sub- 
threshold for excitation, yet capable of stopping a spike elicited from the 
fastigial electrode. 

Text-fig. 5 serves to illustrate true inhibition by a cortical pulse. It begins 
with four records A of the fastigial shock, all of which caused a pause in the 
natural discharge, even though the second one failed to elicit a spike. The 
length of the silent period varied inversely with the natural frequency. Record 
B shows that a brief surface positive pulse of 400 mV had a doubtful inhibitory 
effect on the natural frequency of discharge. Now this was a superficial spike 
which behaved exceptionally because its threshold was as high as 800 mV, a 
fact in itself suggesting that the shocks happened also to activate inhibitory 
elements. When the 400 mV pulse was increased in duration (record C), there 
was a definite pause in the natural discharge, confirming the surmise that 
some inhibitory structure was responsible for its unusually high. threshold. 
When at this strength the pulse was made repetitive at a duration of 1 msec 
(record D) it failed to block the spike (in the middle), set up by a fastigial shock. 
The fastigial latency also remained unchanged, as measured to the foot of the 
prepotential, but the take-off from the prepotential was definitely delayed 
(compare with the records A). The brief tetanus caused a short pause in the 
natural discharge. Similar inhibitory effects were also seen with surface nega- 
tive pulses as well as with ‘distant’ stimulation of P-cells. 


. (. Repetitive stimulation 

(1) P-cells below stimulating pore electrode. In most papers on stimulation of 
the cerebellar cortex repetitive shocks have been used. These are likely to 
bring in greater complexity of indirect activation than single pulses can ever 
do. Our results with repetitive stimulation bear out this surmise. 7 

Text-fig. 6 shows the simplest experimental situation, in which an idle 
P-cell is stimulated to follow the frequency of the incident shocks. This is 
defined as ‘driving’ for the purposes of this paper. The only natural responses 
seen in the figure (and throughout the records from which it is taken) are 
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mv 


Text-fig. 5. Purkinje cell, micro-electrode depth 0-36 mm; sweep scale 1000 c/s. A, responses to 
four fastigial shocks, with different excitatory backgrounds: natural rhythm interrupted, even 
when unit firing does not occur (second sweep and continuous record). Note, in second sweep, 
the massed positive-negative P-cell potential due to fastigial stimulation, and in other 
sweeps, that it is clearly distinguished from the positive-going unit prepotential. B, surface- 
positive cortical pulse, strength 400 mV, duration 1-0 msec; no excitation, doubtful inhibitory 
effect. C, ditto, but duration 12-0 msec; no excitation, but pause in natural firing. D, short 
tetanus of surface-positive pulses, strength 400 mV, does not inhibit fastigially evoked 
impulses, but causes pause in natural rhythm. Threshold for excitation by single pulses was 
unusually high, 800 mV surface positive (cf. Text-fig. 2). 

Note: micro-electrode positivity is signalled by upward deflexions in the sweeps, but by 
downward deflexions in the continuous records. oe 
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inactivation responses (e.g. at the end of record D). The three records B are: 
(i) the surface positive threshold response to 80 mV, followed by (ii) a double 
response to 100 mV, and (iii) failure of surface negative shock of same strength 
and duration (12 msec). In C strength was raised to 140 mV surface positive 
and duration reduced to 2 msec. These pulses drove the cell at 62 c/s through- 


Text-fig. 6. Purkinje cell, micro-electrode depth 0-25 mm; no natural activity, but occasional 
inactivation response (cf. beginning of continuous record C and end of continuous record J). 
A, responses to fastigial shocks at two strengths, latency 0-75 and 0-6 msec, sweep scale 
1000 c/s. B, responses to single pulse stimulation, surface-positive, strength 80 and 100 mV; 
surface-negative pulse, strength 100 mV, without effect. C, driving by surface-positive pulses, 
strength 140 mV, duration 2-0 msec, at 62 c/s; sweeps (below continuous record), taken at 
beginning and end of tetanus, show lengthening utilization time as tetanus proceeds. D, 
driving by same pulses at 110 c/s. £, D-wave elicited by fastigial stimulus (latency 3-1 msec) 
after puncture of cell. /, D-wave elicited by surface positive cortical pulse, threshold strength 
270 mV, latency 4-8 msec. Note: micro-electrode positivity is signalled by wpward deflexions 
in the sweeps, but by downward deflexions in the continuous records. 
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out a train lasting over asecond, with progressive increase of a utilization 
time as shown by the early and late samples on the sweeps below the train of 
spikes. In D driving occurred at 110 c/s and was still obtained at 130 c/s when 
cell penetration occurred before the experiment was completed. This led to 
loss of the spike and appearance, in EZ, of the slow D-wave of Granit & Phillips 
(1956). 

It is characteristic of the D-wave, and illustrated in record E, that it has a 
long latency, 3-1 msec, to a fastigial shock, showing that it could not be the 
decaying spike which had a latent period of 0-75 msec (cf. record A). Also, 
surface-positive stimulation of as much as 270 mV was necessary to evoke the 
D-potential, which then had the long utilization time of 4-8 msec (record F). 
D-waves were fairly common in these, as well as in the earlier experiments, 
and, without exception, they required considerably stronger surface stimuli 
than spikes at the same micro-electrode site. All these results strengthen our 
earlier conclusion (Granit & Phillips, 1956) that the D-potential is a response 
type in its own right and not a deteriorating spike potential. 

At times during which natural firing is present, the effects are more com- 
plicated, as illustrated by Pl. 1. The threshold for short single pulses (surface 
positive) was only 17 mV, and Pl. 1 A shows the effects of trains of these pulses 
at 23, 50, 133 and 167 c/s. Their action is most simply described by the term 
‘triggering’. The over-all frequency of firing is not very different during the 
tetanization periods and the periods of natural discharge, but the individual 
impulses tend to be triggered by the shocks. When the frequency the experi- 
menter seeks to impose is below the prevailing natural rate (A, 23/sec) each 
shock triggers an impulse, and the gaps between them contain enough impulses 
to maintain the natural average. When the artificial and natural frequencies 
are more nearly the same, the majority of shocks trigger impulses, and there is 
less natural firing in the intervals (A, 50/sec). At higher frequencies (A, 133 
and 167/sec) it can be seen from the sweeps (below the continuous records) that 
every impulse is triggered by a shock, although of course not every shock 
triggers an impulse.The average frequency is here a little higher during the 
tetani than before or after. 

Column B, in which 50 mV shocks were used, illustrates the transition 
between triggering and driving of the cell. At 23/sec every shock is effective, 
except during refractoriness due to a previous natural impulse. At 50/sec the 
appearance of driving is obvious. Only a few extra impulses are interpolated 
during this tetanus, and some of these so closely preceded a shock, that the cell 
was made refractory to it. At 133/sec the first five shocks drove, the rest trig- 
gered. Initial driving was also evident at 167/sec. Measurements of the records 
showed that the 50 mV shocks were unable to drive the cell to follow frequencies 
greater than the prevailing natural rhythm, which varied from 48 to 60/sec, 
but by triggering these shocks succeeded in stirring up the firing rate to a 
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faster rhythm than the natural one, tending in fact to fire it at about half the 
stimulating frequency. 

Finally column C shows that shocks of twice the previous strength (100 mV) 
drive the cell to follow stimulating frequencies up to 133/sec, with but a rare 
failure. It also followed 266/sec with rare failures. The fluctuating spike ampli- 
tude is a manifestation of underlying waves of polarization and depolarization 
of the cell membrane (Granit & Phillips, 1956). Inhibitory pauses followed the 


Text-fig. 7. Purkinje cell, micro-electrode depth 0-24 mm. A, excitation by single surface positive 
pulses, strength 50mV. B, beginning of tetanus of same pulses, at 180 ¢/s; no driving. 
C, beginning of tetanus of 100 mV pulses, at 180 o/s; no driving. D, paired 100 mV shocks, 
surface-positive, interval 4-8 msec; second shock ineffective. 2, same shocks, interval 
6-2 msec; second shock sometimes fires. Sweep scale 1000 c/s. 


tetani at/rates above 100/sec. It is rare to find a cell following as high 
frequencies as 266/sec. To judge by the results of Granit & Phillips (1956) an 
absolute limit would be around 300/sec. 

' Excitation is a great deal more common than inhibition, at least in the 
anterior lobe region, but occasionally powerful concurrent inhibition is stirred 
up by stimulus repetition, preventing driving of a cell by shocks which never 
fail to excite it when delivered singly. In the cell of Text-fig. 7A, single 50 mV 
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shocks fired impulses, followed by short inhibitory pauses in the natural 
rhythm. Tetani of the same pulses at 180 c/s, whether of strength 50 mV 
(Text-fig. 7B) or 100 mV (C) did not drive this cell. In Text-fig. 7D and E 
the inhibitory effect of a single 100 mV shock was tested by a second 100 mV 
shock at different intervals (see legend). 

(2) P-cells at some distance from stimulus. It is not to be expected that 
repetitive electrical stimulation at some distance from the cell under the 
microelectrode would do more than emphasize indirect effects at the expense of 
direct ones and thus contribute to a variety of behaviour that already goes 
beyond the range of prediction. Stronger stimuli will, as we have seen, be 
needed and so, if driving is the effect, it should be improved; if, on the other 
hand, inhibitory phenomena happen to be in the foreground, they will tend to 
become more prominent. Text-fig. 8 is reproduced chiefly for the sake of the 
comparison of distant repetitive stimulation with the effects of stimulation at 
the pore through which the micro-electrode was introduced. The local threshold: 
for single pulses was 32 mV surface positive, the distant 650 mV surface nega- 
tive. In the tetani, the local site was stimulated at 50 mV, the distant at 
800 mV. 

The effects of local tetanization require very little description, as they were 
very similar to those described in connexion with Pl. 1. The natural firing 
frequency lay between 45 and 55/sec. Stimulation at 48/sec caused obvious 
driving, lower and higher frequencies triggered the cell (Text-fig. 8A). 

Very different results were obtained by distant stimulation with surface 
negative pulses (Text-fig. 8B). At 48/sec single impulses were fired at the 
breaks of the first two shocks, but the intervals between the later shocks were 
filled by bursts of impulses so that 10 shocks produced 26 impulses at a mean 
frequency of 130/sec, The mean natural frequency was 56/sec before the teta- 
nus, and after it, 80/sec. There were no inhibitory pauses, but the spikes at and 
after the end of the tetanus were small in size and grew again as if the cell were 
repolarizing after an excessive depolarization (Granit & Phillips, 1956). At 
62/sec the effect was similar: mean frequency during stimulation 150/sec, but 
a pause now followed it. At 115/sec the cell was stirred to 155-190 spikes/sec. 
Abrupt silence followed the end of the tetanus. At stimulus frequencies of 
130/sec, 167/sec and 200/sec the cell was stirred to discharge rates of 170- 
180/sec. The ensuing pauses were sudden in onset and lasted over 3 sec. By 
contrast, surface positive stimulation (which fired during the shock to single 
pulses) at 115/see caused a stirring which outlasted the stimulation period. 

Thus in this single experiment we see stimulus strength, distance from 
stimulating electrode, frequency, polarity and inherent activity of the cell, all 
contributing to a variability of result which from place to place and cell to cell 
may follow very different rules depending upon how these factors are combined. 
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* — Text-fig. 8. Purkinje cell, micro-electrode depth 0-1 mm. <A, tetanization (between arrows) at 
overlying pore electrode, surface-positive pulses, strength 50 mV ; frequencies shown at left of 
figure. B, tetanization at pore electrode 2-0 mm distant along the folium; sweeps (left of 
figure, time 100 c/s) show responses to first few shocks of each tetanus; surface polarity, 

strength, and frequency as marked on figure. Full explanation in text. 
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DISCUSSION 


We are not aware of any previous study of the response of identified Purkinje 
cells to cortical stimulation and so it is of interest to distinguish the general 
from the particular before comparisons are made with observed motor 
responses in animals. 

Despite inhibitory complications, the over-all effect of cortical stimulation 
is P-celi excitation by direct depolarization. Stimuli of the kind used in 
physiological experiments will be much suprathreshold for the cells nearest the 
stimulating electrode (cf. the similar conclusion for Betz cells, Phillips, 1956) 
so that within a considerable area the P-cells will be ‘driven’ at the imposed 
frequency, while outside this area or a couple of layers below it, they will be 
‘triggered’. After cessation of stimulation some cells will have been stirred to 
long-lasting discharges, gradually petering out into the original random be- 
haviour of silence and firing described by Granit & Phillips (1956). Other cells 
will pause for a long while, and in our material such pauses were more common 
with stimulation at high rates and great strength. It is not possible to point to 
any single characteristic property by which cortical stimulation would 
definitely differ from white matter stimulation by fastigial electrodes, as 
studied in our previous paper. However, it is our impression that the P-cells 
were more effectively stirred to long-lasting states of activity by the fastigial 
stimulus which, of course, involved not only antidromic stimulation of P-cell 


. axons but also trans-synaptic excitation through adjacent afferents (mossy and 


climbing fibres). 

Every P-cell, from the point of view of electrical stimulation, must be 
regarded as an individual proposition, particularly with the repetitive mode of 
stimulation used in physiological experimentation. The variability is beyond 
description, but it is clear that what we have to consider is the most probable 
average response of an assembly. How many cells are concerned in the 
characteristic extensor inhibition followed by rebound of the stiff decerebrate 
animal? With our electrode diameter of 0-5 mm the optimum threshold was of 
the order of 1 V, more commonly around 2 V. Considering Text-fig. 2 and 
Table 1, it is clear that the surface effect then would spread beyond the 
2:25 mm which was our longest distance, and also that at_ 2mm depth most 
cells still respond to surface positive shocks below 1 V. Downwards this effect 
may, however, shrink taterally. The width of the folia and the pattern of 
cortical folding vary a great deal from place to place, but taking Inukai’s 
(1928) figures for the rat cerebellum (1000 cells/mm?), a rough calculation 
shows that such shocks can hardly excite fewer than 20,000 P-cells, and may 
very well excite more. This is for a just suprathreshold effect observed in an 
animal sensitized by spinal section, as described above. Indirect triggering 
may well bring in a very much larger number of cells. All these cells may not 
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necessarily be directed towards the same output channel and some may be 
inhibited. On the other hand, the organization of the cerebellar cortex seems 
to be designed for the very purpose of spread and mass action. 

The cerebellar cortex is a very homogeneous structure and so it is likely that 
all cerebellar areas behave in the same way, because cortical stimulation 
always involves a strong component of direct depolarization. This means that 
differentiation is achieved on the basis of connexions made below the level of 
the P-cells. Having used the anterior lobe, however, we can fall back upon a 
body of physiological knowledge about stimulation of this portion which it 
seems desirable to bring into line with our evidence. Thus the ipsilateral exten- 
sor inhibition means that, on an average, P-cell excitation has this effect. 
When, as often is the case, there is simultaneous flexor excitation, it is not 
necessary to place this reciprocal organization into the cerebellum. We found a 
certain arnount of stiffness of the limb necessary for good rebound. A return 
to this state of rigidity is the obvious consequence of the gradual return of the 
excited P-cells to their previous rate of firing. In agreement with this is the 
long latent period of the rebound. Sometimes the limb rebounds over and above 
its previous state of tonic contraction. It is wholly unnecessary to invoke any 
different explanation of this case, because so many of the focal and thus highly 
excited P-cells will be silent for a while after stimulation. This means temporary 
removal of the tonic restraint that they had exercised before stimulation upon 
tonic extensor excitation, in other words, a release of the system whose activity 
the P-cells had been damping while in activity. In line with this interpretation 
is the well known fact that removal or cooling of the cortex of the anterior lobe 
_ leads to very great rigidity (Bremer, 1922; Miller & Banting, 1922; Pollock & 
Davis, 1927; Stella, 1944a, 6; Moruzzi, 1950; Granit, Holmgren & Merton, 
1955). 

The other type of reaction reported from stimulation of the anterior lobe 
consists in persistence of the motor response for a long while. This has been 
seen in intact animals, with implanted electrodes, by Clark (1939) and by 
Chambers (1947), in decerebrate animals by Hare et al. (1936) and now in this 
paper in several animals with precollicular severance of the brain stem by 
aspiration (before spinal section). We suggest that the basis of this response is 
the long-lasting stirred-up activity of P-cells, noted also with the stimulating 
needles in the fastigial nuclei or overlying arbor vitae. 

While the results of electrical stimulation of the cortex have been dominated 
by excitation of the P-cells, this is not to be taken to mean that inhibition is 
insignificant for cerebellar action under physiological circumstances. Rather 
does it imply criticism of the electrical method as a wholly inadequate instru- 
ment for the analysis of performance in.a central structure, even when it is as 
homogeneous as the cerebellum. Its role is to supplement anatomy by showing 
im a rough general way what distant structures can be activated from any 
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given place (when positive results are obtained) and to aid physiological 
analysis by setting up certain states or acts of excitation or inhibition which 
the physiologist may want to analyse in some other manner. Thus in a central 
structure, function cannot be sensibly understood from the organizational point 
of view by electrical stimulation, particularly not when gross movement is 
taken as indicator. In refined myographic and electromyographic experiments, 
Denny-Brown et al. (1929) found that stimulation of the cerebellar cortex in- 
variably produced mixed excitatory and inhibitory effects on the spinal 
motoneurones. Both in the cerebrum (Phillips, 1956) and in the cerebellum a 
considerable number of cortical cells are stimulated with pathologically strong 
stimuli (about 10x threshold) when a visible effect is beheld. These strong 
shocks are necessary in order to excite the large number of cells which in both 
these structures are necessary to bring on movement. With the cerebellum it is 
perhaps better to use relatively large surface electrodes and abandon the 
notion that very small electrodes could improve differentiation. _ 


SUMMARY 

1. Single units of the cat’s cerebellar cortex (anterior lobe) were closely 
approached with fine KCl-filled microcapillaries, and identified as Purkinje 
cells by their giant-spike responses to fastigial (antidromic and monosynaptic) 
stinfulation. | 

2. The cerebellar cortex was then stimulated by rectangular currents flow- 
ing between a focal electrode (0-5 mm in diameter) and a remote electrode of 
large area. Anodal and cathodal shocks were used, singly and in repetitive 
trains. 

3. Cells of the layer of cortex lying nearest to the surface (depth up to 
0-5 mm) were selectively stimulated by surface-positive shocks, at thresholds 
of 20-100 mV. 

4. Cells in the deeper folds needed stronger shocks (threshold up to 4-0 V). 
Here, surface-negative stimulation was usually, but not always, effective at 
weaker strengths than surface-positive. Inhibitory as well as excitatory effects 
were produced. 

5. Stimulation at a focal electrode 2-0-2-5 mm distant along the same folium 
was effective at strengths of 0-4-1-0 V. 

6. Itis estimated that at least 20,000 Purkinje cells are likely to be involved 
in the inhibition of decerebrate rigidity by electrical stimulation of the anterior 
lobe of the cerebellum at the current strengths generally used. 


- In support of this work grants from the Swedish Medical Research Council have been used. 
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EXPLANATION OF PLATE 
Purkinje cell, microelectrode depth 0-16 mm. Stimulation by surface-positive pulses at three 
different strengths (vertical columns, A, 17 mV; B, 50 mV; C, 100 mV) at frequencies indi- 
cated in margins of figure; stimulation periods marked by arrows; sweeps below continuous 
records (time 100 c/s) show responses to first few shocks of some of these tetani. Full 
explanation in text. 
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THE EFFECT OF LIMB POSITION ON THE VASODILATOR 
“RESPONSE TO COLD IN THE FINGER 


By JOHN A. DICKSON 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 27 July 1956) 


Greenfield & Shepherd (1950), using a calorimetric method, have shown that 
immersion of a finger in water between 0 and 6° C causes an intense vaso- 
constriction lasting for about 6 min, followed by a very large vasodilatation. 
The vasodilatation is subsequently interrupted by periods of vasoconstriction. 
These investigations were carried out with the subject’s arms in the dependent 
position. In the experiments to be described one arm has been elevated to 
various heights in order to see how a reduction in the perfusion pressure 
affected the response. : 

METHODS 
The subjects were nine healthy men aged 18-36 years. They wore normal indoor clothing and 
were comfortably warm throughout the iments. The room temperature on different 
occasions varied between 17 and 22° C but a single experiment did not alter by more than 
1-5° C, 

The subject sat in a chair on a raised platform. On the right-hand side of the chair was a padded 
arm rést which could be placed against the back of a tower built to support a calorimeter. The 
rest could be adjusted to any desired height, the only limitation being the length of the subject's 
arm. The tower was made of aluminium angle and its base was fastened to the platform by means 
of quick-release bolts, which enabled the tower to be shifted backwards or forwards on the 
platform according to the position being studied. A movable shelf in the tower supported the 
calorimeter at various heights above the sternal notch. one: me 

The heat elimination from the finger tip to water in the 0-4° C range was studied in six positions 
in each subject; these were 58-5 cm below, and 4-0, 11-0, 25-0, 38-5 and 55 cm above the sternal 
notch. A comparable finger of the opposite (left) hand was used as a control, being in a calorimeter 
58-5 cm below the sternal notch. No finger was used more than once on any one day and the 
fingers were used at random in the various positions. The calorimetric technique and the measure- 
ment of finger volume was as described by Greenfield & Shepherd (1950). 

(The subject arrived 20-30 min before the experiment began; his finger-tip volumes were 
measured, and he then immersed his hands in water at 29-32° C for at least 20 min while sitting 
in the chair. No attempt was made to standardize the clothing of the subjects, the governing 
criterion being that they should be comfortably warm throughout and should not cool down as 
the experiment progressed. If the subject is too warm, a cold vasoconstriction may not occur, 
and if too cold the vasodilatation may be very small (Greenfield & Shepherd, 1950). 

Three experiments were performed on each subject. Each experiment consisted of either two 
or three 20 min periods of observation. In the first of these the heat elimination was measured 
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from comparable finger tips of opposite hands, each finger tip being 58-5 cm below the sternal 
notch. At the end of this period one calorimeter was raised to a given height above the sternal 
notch, the other remaining in the control position. The arm rest was suitably adjusted and the 
experiment was then repeated, the heat elimination from finger tips adjacent to those already used 
being measured over the next 20 min. 

There was then a break of 15-20 min during which the subject again immersed his hands in 
water at 20-32° C and the calorimeters were re-cooled. The calorimeter and arm rest were adjusted 
for the next position, the new calorimeter heating correction determined and another pair of 
finger tips immersed for 20 min. Finally, the temperature rise in the calorimeter was taken each 
min for about 5 min after the removal of the fingers to check the efficiency of the stirring and to 
obtain the heating correction at the end of the experiment. All the positions were found to be 
comfortable ; any unpleasantness was due to the pain resulting from the vasoconstriction following 
immersion in the cold water rather than to the height itself. 


RESULTS 

Duff, Greenfield, Shepherd, Thompson & Whelan (1953) examined the degree 
of symmetry normally found when corresponding fingers of opposite hands are 
simultaneously inserted into water at 0-6° C. These experiments showed that 
up to and including the first plateau of vasodilatation the heat elimination on 
the two sides was symmetrical and hence one finger could be used as a control 
for the other, This was confirmed in the present experiments in which twenty- 
seven similar observations were made on the nine subjects (Fig. 2). 

In the presentation of the results the method described by Roddie (1955) 
has been adopted. The actual calculations involved were as follows. Let the 
following symbols represent the mean rate of heat elimination in cal/100 ml. 
tissue/min during the periods indicated: the mean heat elimination was 
calculated by averaging the five highest points on the first plateau of cold 
vasodilatation. 


Experimental side: 
R,, observed in reference position (58-5 cm below the sternal notch); 
R,, expected if there is no local change in the circulation; 
R,, observed while in the changed position. S 
Control side: 
L, and L, correspond respectively to R, and R,; 
then R= x Le. 


The effect of change of position is to make the rate of heat elimination R, 
instead of R,. The observed rate may then be expressed as a percentage of the 


expected rate, R,. The formula makes allowance for fluctuations in general — 
vasomotor tone and assumes that such fluctuations act symmetrically and 


cause equal percentage effects on the two sides. 
Fig. 1 shows a typical set of results in one subject. He attended on three 
occasions and on each occasion the symmetry on the two sides was tested with 


cal/100 mi./min 
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+110 +385 — 58:5 +40 
cm above sternal notch 
Fig. 1. Heat elimination, cal/100 ml. tissue/min, from paired finger tips to water at 0-4° C, in 
different positions (one subject). Each set of panels represents one experiment, each panel 
lasting 20 min. The upper panels show the heat elimination from a left finger kept in the 
reference position, 58-5 cm below the sternal notch; the lower, from the corresponding right 
finger at the height relative to the sternal notch stated on the abscissa; different pairs of 


fingers were used for each experiment. 


cal/100 mi./min 
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cm above sternal notch 


Fig. 2. A: heat elimination in all positions for all subjects expressed as percentage of that in the 

reference position; each symbol represents results from one subject. B: @, averages of all 
observations of heat elimination and their 95% confidence limits (vertical lines) from the 
finger tip while it was raised above the reference position, 58:5 cm below sternal notch; the 
symbol to the left of the vertical line indicates the mean and 95% confidence limits of all 
observations in the reference position ; ©, heat elimination to water at 29° C (Roddie, 1955, 
see text). 
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both fingers in the reference position. As the comparable finger of the experi- 
mental hand was elevated the heat elimination at the height of the initial 
vasodilatation progressively diminished. 

Fig. 2 shows the heat elimination at the height of the initial vasodilatation 
expressed as a percentage of the expected rate in all positions for all the 
subjects, and the means and 95°, confidence limits of these observations. 
While there is some individual variation the general trend 1s clear, and demon- 


strates the progressive decrease in heat elimination — occurs with increasing 
height above the sternal notch. 


DISCUSSION 


Roddie (1955) studied the heat elimination from the tips of three fingers to 
water at 29° C, with particular reference to levels below the sternal notch; he 
did, however, study the response at 4-0, 11-0 and 38-5 cm above the notch, 
and his results are superimposed on the present results in Fig. 2. It is clear 
from this figure that Roddie’s results of heat elimination to water at 29° C 
follow the same pattern as those found for elimination to water at 0-4° C, 
there being a progressive decrease in elimination as the arm was elevated 
above a position 4 cm above the sternal notch. 

Greenfield, Shepherd & Whelan (19514, 6) have shown that when a finger is 
immersed in water in the 0-6° C range with the circulation arrested by a 
pneumatic cuff, the heat loss after 6 min is negligible, being less than 20 cal/ 
100 ml, finger/min. As the initial cold vasodilatation occurs after 6 min it is 
reasonable to conclude that the heat elimination during the cold vaso- 
dilatation is due to heat loss from blood circulating through the finger. Even 
if an allowance of 20 cal/100 ml. finger/min is made for heat loss from sources 
other than blood flow, the average heat elimination in the 55-0 cm position is 
only reduced from 19 to 15%. 

As the changes in heat elimination therefore are due to changes in blood 
flow the results of the present experiments demonstrate that there is a 
decrease in blood flow in the finger as the limb is elevated. The decrease is 
proportional to the degree of elevation of the limb, and this is consistent with 
the view that it is a result of the drop in perfusion pressure as the limb is 
elevated. While small changes in resistance cannot be excluded, there is 
nothing in the results to indicate that any marked change in resistance 
occurred. 

The calculated reduction in digital arterial pressure when the arm is elevated 
from the horizontal to 55cm above the sternal notch is of the order of 
40 mm Hg; the perfusion pressure is presumably reduced by a similar amount, 
since in the elevated and in the horizontal arm the venous pressure at the 
extremity is close to atmospheric. Over this range of reduction in arterial 
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pressure there is nothing in the measurements to indicate the closure, at any 
particular pressure, of a substantial proportion of the vessels responsible for 
resistance to flow (Burton & Yamada, 1951). 


SUMMARY 


1. The heat elimination from the finger tip to water in the 0-4° C range 
was measured calorimetrically at various levels above the sternal notch in 
comfortably warm, seated subjects. 


2. There was a progressive decrease in heat elimination during the cold 
vasodilatation as the finger was raised from 4-0 to 55-0 cm above the sternal 
notch, decreasing with height as did the heat elimination from the tips of 
three fingers to water at 29° C. 

3. The maximum reduction in perfusion pressure obtained was of the order 
of 40 mm Hg, corresponding to a drop in transmural pressure of a similar 
order. No evidence was obtained that any marked change in resistance 
occurred when the perfusion pressure was lowered. 

4. It is concluded that the decrease in heat elimination, which is a reflexion 
of a parallel decrease in blood flow, can be attributed to the progressive 
reduction in perfusion pressure as the arm is elevated. 


I wish to thank Dr J. T. Shepherd for his criticism and guidance throughout, and for his help 
in the preparation of this paper; Professor A. D. M. Greenfield for valuable advice; and all those 
who acted as subjects. The work was undertaken to fulfil certain requirements for the honours 
B.Sc. degree in Physiology of the Queen’s University of Belfast. 


REFERENCES 


Burton, A. C. & Yamapa, 8, (1951). Relation between blood pressure and flow in the human 
forearm. J. appl. Physiol. 4, 329-339. 

Dorr, F., A. D. M., J. T., Taompson, I. D. & R. F. (1953)- 
The response to vasodilator substances of the blood vessels in fingers immersed in cold water. 
J. Physiol. 121, 46-54. 

Greenrrecp, A. D. M. & Suzrnerp, J. T. (1950). A titative study of the response to cold 
of the circulation through the fingers of normal subjects. Clin. Sci. 9, 323-347. 

Greenrietp, A. D.‘M., Sueruerp, J. T. & Wuexay, R. F. (19512). Cold vasoconstriction and 
vasodilatation. Irish J. Med. Sci. 309, 415-419. 

Greenrietp, A. D. M., Suupnzrp, J. T. & WHevay, R. F. (19516). The part played by the 
nervous system in the response to cold of the circulation through the finger-tip. Clin. Sci. 
10, 347-360. 

Ropoprg, R. A. (1955). Effect of arm position on circulation through the fingers. J. appl. Physiol. 
8, 67-72. 


7 | PHYSIO. CXXXV 


=i 
A 
4 
: } 
‘ 
4 
4 
4 
x - 
. 
4 
i” 
8 
f 
- 
5 
i 
y 
+ 
> 
4 
‘ 
& 
le 
> 
~ 


J. Physiol. (1957) 135, 98-113 


SOME FACTORS AFFECTING THE OPEN-CIRCUIT DETER- 
MINATION OF MAXIMUM BREATHING CAPACITY 


By R. J. SHEPHARD 
From the R.A.F. Institute of Aviation Medicine, Farnborough, Hants* 


(Received 27 July 1956) 


If physiological significance is to be attached to measurements of breathing 
capacity, the conditions of measurement should be such that the subject 
achieves the maximum ventilation of which he is capable. There is little reliable 
information concerning these optimum conditions. The spirometer technique 
has been widely used in the past, and respiratory rates of great variety— 
probably determined largely by the mass of the moving parts—have been 
suggested as giving true readings for the maximum breathing capacity. In 
recent years an appreciation of errors inherent in the spirometer system has 
produced a mood of caution. McKerrow (1955) was content to conclude that 
the output rises with rate, but not very steeply at rates over one breath per 
second, while Bernstein (1955, personal communication), commenting on some 
of his earlier results (Bernstein & Kazantzis, 1954, Fig. 7), wrote: ‘it would be 
extremely rash to conclude from those points that the hypothetical true shape 
of the curve was so clearly established that the slope of the curve ny 
became zero at 70 breaths/min’. 

Even less is known concerning optimum conditions for the open-circuit 
determination of maximum breathing capacity. Generally a higher respiratory 
rate has been suggested, and it has also been noted that readings can be in- 
creased by carbon dioxide inhalation (Lewis & Morton, 1954). In view of the 
increasing use of the pneumotachograph for respiratory function studies, it 
would appear desirable to define the relationship between respiratory rate and 
breathing capacity using this type of apparatus, and to consider whether the 
slight decline of ventilatory capacity observed over the course of the test 
(Shephard, 1955d) is due to hypocapnia or to other systemic effects of vigorous 
hyperventilation. Answers to these and related problems have been sought 
by detailed analysis of the maximum breathing capacity test in a group of 
young, healthy, male subjects. 


* Present address: Dept. of Preventive Medicine, University of Cincinnati, Ohio. 
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METHODS 


Pneumotachograph 

The basic principles of the low-resistance mask pneumotachograph have been discussed previously 
(Shephard, 1955¢), At high rates of gas flow two possible criticisms of the original instrument were 
in respect of the speed of response, and non-linearity of calibration (Shephard, 1956 a). 

Response time, If gas flowing at a rate of 200 |./min is suddenly directed into the pneumotacho- 
graph by operation of a specially slackened wide-bore 3-way cock, at least four factors contribute 
to the response time: 
(1) time constant of galvanometer with damping condenser; 
(2) time required for transmission of pressure wave from pneumotachograph to condenser- 

manometer head; 

(3) time Ing clrouit; 
(4) time required to rotate the tap. 


Taste 1, Apparent 90% response time of pneumotachograph with various arrangements 
of condensers and connecting tubing (msec) 


OpF i00pF 500pF 


Normal connecting tubing (10 in. = 25-4 cm) 40 43 42 41 79 
Short length (1 in. = 2-54 cm) 86 38 42 35 79 
Long length (37 in. +94 cm) 58 45 43 40 98 


The effect of certain variables on the galvanometer time constant is shown in Table 1. Con- 
densers with a capacity of 160,F or less had little effect on the total response time, but a large 
condenser (500,¥') produced an additional delay averaging 41 msec. Clearly, a condenser of this 
size is making too great a contribution to the total response characteristics of the apparatus. With 
well-screened leads, 160uF is an optimal capacity, although in some circumstances it may be 
necessary to adopt a capacity of 250uF as a compromise to avoid an a.c. ripple. 

The component of the response time due to transmission of the pressure wave from the pneumo- 
tachograph to the cond ter head was just measurable. Taking the short (1 in.) con- 
necting tube as the base-line condition, the addition of 9 and 36 in. of tubing lengthened the 
response period by an average of 3 and 11 msec respectively (Table 1). A slight lag is inevitable, 
since the passage of a volume Of gas along the connecting pressure tubing is necessary to move the 
diaphragm of the condenser manometer. However, it may be minimized by ensuring that the 
connecting tubing is short and of adequate internal diameter (5 pneumotachograph manifold). 

The importance of the remaining factors can only be estimated by difference. It seems probable 
that they make the main contributions to the over-all response time. Acting independently of the 
first and second factors, they give rise to a lag of 40-50 msec; rising and falling limbs of the gas- 
flow curve are similarly affected during the maximum breathing test and the area under each curve 
is not materially altered. 

Linearity of calibration. An improved version of the inspiratory mask pneumotachograph has 
now been developed. This gives a linear calibration with flow rates of up to 15 cu.ft./min (425 1./ 
min), and even at 18 cu.ft./min (510 1./min) the error is not more than 5% (Fig. 1). At low flow 
rates the performance is also very satisfactory. The basic design of the apparatus remains un- 
changed, but the inspiratory gas flow is now derived from two arms of a broad Y-tube; these unite 
immediately proximal to the mask. Each arm carries a low-resistance inspiratory valve and a 
gauze-mesh screen. Back-pressure measurements for the two screens suggest that the division of 
flow is not completely symmetrical (probably on account of slight differences in the characteristics 
of the two inspiratory valves); however, this difficulty is overcome by pooling the pressure 
differentials before transmission to the condenser eter head. 
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turbulence is correspondingly delayed. The total resistance of the apparatus is also reduced 
further (Fig. 2), and closely approaches that postulated by McKerrow (1953) for an ideal apparatus 


(curve Ry). 


End-expiratory samples. The subject performed the maximum breathing capacity test using the 
valved mouthpiece customary with the Douglas bag. A side tube and long length of hosepipe 
were attached beyond the expiratory valve. Gas samples were collected in a standard 50 mi. 
evacuated sampling vessel as inspiration commenced. This type of technique falls under heavy 
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Differential pressure across gauze (mm H2O) 


0 5 10 15 20 
Gas flow (cu.ft./min) 


Fig. 1. Calibration curve for pneumotachograph. Note linearity to very high rates of gas flow. 
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Fig. 2. Flow resistance curve for pneumotachograph compared with curves of 
McKerrow (1953), Ry, R,, Ry: M.B.c., maximum breathing capacity. — 
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suspicion in ¢i tances where the tidal volume is depressed (Bannister, Cunningh & Douglas, 
1954), but if the tidal volume is greater than normal—as in the present case—it gives a reliable 
picture of the composition of ‘ideal’ alveolar gas (Rahn, 1954). Sampling time was recorded to the 
nearest second relative to the start of the maximum breathing test. 

Carbon dioxide output. The subject again used the box valve; expired gas was collected in a 
standard Douglas bag laid flat on the bench, the precautions described in previous reports 
(Shephard, 19554, 5) being carefully observed. The back pressure of this system (Fig. 3) was deter- 
mined by a standard technique (piezometer ring with light and heavy liquid manometer). The 
resistance to gas flow was very high, comparing unfavourably even with the standard Benedict- 
Roth spirometer (Shephard, 1955a), and until the Douglas bag was about one-third full, slight 
kinking of the entrance to the bag increased this load by a further 8-10 mm H,O. However, as will 
be shown later, variations of respiratory rate during the maximum brea test have a similar 
effect on ventilatory volume whether using the Douglas bag or the pneurotachograph, and the 
figures for carbon dioxide output are therefore relevant to low as well as \high resistance open- 
circuit systems, | 


--~ e-- -During filling of bag 
—— ©——~—Resistance of apparatus 


apart from bag 
Flow resistance 
—— McKerrow (1953) 
0 10 20 MO 50 70 80 
Gas flow (I./min ATPS) 


Fig. 3. Flow resistance of Douglas bag, mouthpiece, and box-valve. 


Subjects 

The subjects were fit men, mostly in the age range 20-35 years, members of the staff of the 
R.A.F. Institute of Aviation Medicine. Details of their age, height, weight, estimated body sur- 
face area (Dubois, 1927) and vital capacity are given in Table 2. The average body size asindicated 
by the surface area (mean value 1-81 m?) did not differ significantly from that reported by Morant 
& Gilson (1945) for a large series of R.A.F. personnel. The vital capacity (5200 ml. BTPS for a 
mean age of 28-7 yr) was also very close to previously reported normal values (Birath, 1944, 
5080 ml. at 29 yr; Needham, Rogan & McDonald, 1954, 5220 ml. at 25 yr; Gilson & Hugh-Jones, 
1955, 5040 ml. at 26 yr). Thus it seems reasonable to suggest that the subjects had an average 
physique, and that the data obtained are likely to be applicable to the normal population over a 


Total resistance to gas flow (mm H,O) 


RESULTS 
Comparison of pneumotachograph with other methods of measuring 
breathing capacity 
Different authors have quoted average values for the maximum breathing 
capacity of normal subjects that vary widely from 100 to 170 l./min, breathing 
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air (Comroe, Forster, Dubois, Briscoe & Carlsen, 1955), and readings of 170- 
210 l/min have been reported for gas mixtures containing helium (Otis & 
Bembower, 1948). In many papers details of ages are not given, but two well- 
planned series (Needham et al. 1954; Gilson & Hugh-Jones, 1955) are available 
for comparison. The figures of Needham ef al. are unfortunately recorded at 
atmospheric temperature, but a correction factor of 1-10 may reasonably be 
assumed as appropriate to the Scottish climate. Needham and his colleagues 


Tasie 2. Age and physical characteristics of subjects (all male) 
Height Weight 


Age Body surface Vital 
Subject (yr) ft. in. om* lb. kg* (m*) (ml. ) 
7 13 6 1-87 5630 
PS. 24 5 6 168 119 4 1-60 5100 
R.W. 9 & 7% 65 1-77 5630 
A.W. 55 5 10 178 162 73 1-90 3410 
V8. 30 5 6 168 17k 78 1-88 4230 
D.Py. 1-72 4980 
P.P. 26 6 0 183 138 63 1-81 7080 
D.Y. 27 5 10 178 143 65 1-81 5570 
O.B. 45 5 af 164 119 54 1-58 4640 
F.G. 41 5 173 139 63 1-76 4560 
M.L. 22 6 1 185 158 71 1-94 6480 
P.R. 22 5 8 172 127 58 1-68 4920 
C.G. 27 +510} 179 149 68 1-85 4860 
M.G. 21 5 8 172 +#135 62 1-72 4580 
G8. 25 6 0 183 174 79 2-01 5620 
8.8. 31 5 10 178 165 74 1-91 5370 
RS. 2% - 6 O 183 157 70 1-91 5620 
D.P1. 22 5 8 172 151 69 1-81 4490 
M.B. 21 511, 182 1655 #£=70 1-89 
* To nearest unit. 


used a standard Douglas bag, while Gilson & Hugh-Jones used a spirometer — 


that gave results of a similar order to those found with a Douglas bag. The 
pneumotachograph apparently gives higher values than either of these earlier 
methods, particularly in young subjects (Fig. 4). 

The effect of variations in respiratory rate. In.two of the normal subjects, a 
large number of pneumotachograph readings were obtained at respiratory 
rates of 21-160 breaths/min. A metronome was used to attain approximately 
the desired rate, but the subjects did not attempt to conform rigidly to this 
rhythm, since such a diversion of concentration produced smaller and more 
variable ventilatory volumes. The breathing capacity was almost identical in 
the two subjects, and a single curve has been fitted by eye to both groups of 
observations (Fig. 5). This shows a maximum at about 90 breaths/min; how- 
ever, the breathing capacity does not change by more than 10 1./min over a 
wide rane of respiratory rates (70-150 breaths/min). On each of the remaining 
eighteen subjects three observations were made. All except ten of these read- 
ings fell in the range 70-150 breaths/min, and over this range respirato’y 
rate had little effect on breathing capacity. In eight subjects at least one 
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20 30 

Age (years) 

Fig. 4. Average values for maximum breathing capacity of normal subjects at different ages. 

Comparison of present pneumotachograph values, 4 (arrows indicate effect of standardizing 

for body surface area), with series of Needham ef al. (1954), A, and Gilson & Hugh-Jones 
(1955), @. 
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Maximum breathing capacity (l/min BTPS) 


50 100 150 
Respiratory rate (breaths/min) 
Fig. 5. Effect of respiratory rate on breathing capacity. Observations on two subjects with 
pneumotachograph and Douglas bag: @, pneumotachograph (R.J.S.); ©, penumotachograph 
(D.P.); x, Douglas bag (R.J.S.). | 
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observation was at a lower rate, and invariably the reading concerned was 
smaller than the other values for the same subject. 

In some experiments a Douglas bag was used to measure breathing capacity ; 
the performance was generally poorer (Fig. 5), but again the capacity was 
virtually constant over a wide range of respiratory rates (40—140/min). It is 
interesting to note that the peak capacity was apparently reached earlier, and a 
more marked decline of performance occurred at the very high respiratory rates. 
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Respiratory rate (breaths/min) 


Fig. 6. Relationship between peak gas flow during maximum breathing capacity test and 
respiratory rate: mask pneumotachograph used in all experiments. @, subject R.J.8; 
O, subject D.P. 

The peak inspiratory flow recorded by the pneumotachograph varied sur- 
prisingly little with respiratory rate. If the highest peak of a given test be 
considered, then a maximum flow was achieved with a respiratory rate of 
about 60 breaths/min (Fig. 6); there was a modest fall with higher rates, and at 
150 breaths/min the peak flow was about 30 1./min less. At most respiratory 
rates the average peak flow for a given test was 50-60 1./min less than the 
highest peak. 

A maximum tidal volume was observed when the test was carried out at a 
rate of 30 breaths/min (Fig. 7). At lower rates, the respiratory efforts tended to 
be submaximal, and rather irregular tidal volumes were noted. At higher 
rates, the tidal volumes decreased in a very regular fashion, but was appreci- 
ably larger with the pneumotachograph than with the Douglas bag through- 
out. Clearly, it is meaningless to compare the ratio 
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for different subjects unless reference is made,to each individual’s respiratory 
rate during the test. The tidal volume is 50% of the vital capacity—a figure 
often quoted in the literature—at a respiratory rate of 50-60 breaths/min. 
However, at the optimal rate for a low-resistance system (90-100 breaths/ 
min), the tidal volume has fallen to 36-40% of the vital capacity. It is note- 
worthy that values for the oldest subject (A.W.) fall close to the normal curve; 
this is explained by the fact that in normal subjects the vital capacity declines 


at approximately the same rate as the maximum breathing capacity. 
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Fig. 7. Tidal volume during maximum breathing capacity tests: symbols as in Fig. 5. 


The ratio bresthing capacity yardstick by which to 


vital capacity 
compare the results obtained with different types of apparatus, since the value 
of this ratio is largely independent of body surface, age, and respiratory rate. 
Some results for normal subjects, expressed in this way, are presented in 
Table 3. These figures confirm that the pneumotachograph gives slightly 
higher results than the systems used by Needham et al. (1954) and Gilson & 
Hugh-Jones (1955). 
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Carbon dioxide output during the test. Measurements were of necessity made 
using the Douglas bag technique, and were limited to one subject. They indi- 
cate the general order of carbon dioxide loss that may be expected when using 
open-circuit apparatus, although it is possible that the greater ventilation 
achieved with the pneumotachograph may result in a slightly greater CO, 
output. The loss observed (Table 4) was independent of respiratory rate over a 
wide range (40-140 breaths/min), decreasing only at the extreme rates where 
there was also a decrease of maximum breathing capacity. Measurements of 
the end tidal CO, concentration at a respiratory rate of 60 breaths/min showed 
a fall that was most marked in the first 5 sec of forced breathing (Fig. 8). 


Tasie 3. Ratio of maximum breathing capacity to untimed vital capacity: 


normal male subjects 
Age (yr) 20-30 30-40 40-50 50-60 60-70 
32-0 32-3 32-1 33-5 —_ 
Needham et al. (1954) 28-7 30-6 30-6 27-1 
Gilson & Hugh-Jones (1955) 29-4 28-3 27-8 27-3 —_ 
Matheson et al. (1950* 32-8 
Graimprey (1954)+ 24-5 23-2 23-0 22:4 20-8 
Baldwin et al. (1948)t 31-4 26-2 — 26-5 
Kapferer (1954)§ 25-9 25-9 25-9 


* Average age of group 20 yr. 

(30 breaths/min). 

t Ages 16-34, 35-49, 50-69. 

§ Age unimportant over range 18-50 yr. 


TaBLE 4. Carbon dioxide output during maximum breathing test: effect of varying 
respiratory rate. Subject R.J.S., using Douglas bag 


Respiratory rate per min... 30 40 60 «680 100 120 140 160 180 
CO, output (ml. BTPS) 487 660 683 659 668 651 642 454 553 


It was not possible to describe the form of this curve in terms of a simple 
exponential function. The end tidal CO, concentration was virtually indepen- 
dent of respiratory rate over a wide range (40-160 breaths/min), although 
significantly higher concentrations were found at respiratory rates of 30 and 
180/min, after 5 and 15 sec hyperventilation. 

Systemic effects of maximum breathing test. The main subjective observation 
during the test was slight irritation caused by drying of the throat. Eighty 
subjects have now used the pneumotachograph for the measurement of 
breathing capacity. In two (one normal, one case of segmental resection) a 
tendency to cough reduced performance for one or more breaths of the test, but 
the remainder (19 normals, and 59 patients) found no obvious difficulty in 
repeating the test at 5 min intervals up to a total of six readings. Slight dizzi- 


ness was commonly noted immediately after a test; this usually passed off 


within a minute. 
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In a number of experiments ear congestion was recorded by an oxymeter, 
and pulse rate by means of an electrocardiograph. The normal oxymeter 
record (breathing air) showed slight pulsations with each heart beat, due to 
variations in the blood content of the arterialized ear lobe. With commence- 
ment of the maximum breathing test these pulsations were much accentuated, 
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Fig. 8. End tidal CO, concentration during maximum breathing capacity test. Respiratory rate 
60 breaths/min in all experiments: subject breathing through box valve and long expiratory 
Pipe. 


and became synchronous with the respiratory rhythm, congestion of the ear 
occurring during expiration. The heart rate rose progressively to a value 
25-30 beats/min above the resting level, the rate of increase being greatest 


_ during the middle 5 sec of the test. A further increase of 5-10 beats/min 


comnfonly occurred immediately the hyperventilation was stopped, but 
within 30 sec the normal resting level was restored. 


DISCUSSION - 
The variation of maximum breathing capacity with changes of respiratory rate 
is gratifyingly small when using open-circuit types of apparatus. The optimum 
frequency for young male subjects is 90-100 breaths/min, but rates of 
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70-150 breaths/min may be adopted without producing gross changes of 
breathing capacity or carbon dioxide loss. In such circumstances the artificial 
restraint of effort imposed by conforming rigidly to the rhythm of a metro- 
* nome is not justified. It is not necessary to comment in detail on the lower 
optimum rates reported for many spirometer systems, since it is now well 
recognized (Bernstein & Mendel, 1951; Shephard, 1956a) that the average 
spirometer is not competent to record over the range of respiratory rates 
where a plateau of breathing capacity is observed. Improvements in spiro- 
meter design have raised the frequency ‘ceiling’ for this apparatus to 100 
breaths/min (Bernstein, D’Silva & Mendel, 1952), but technical difficulties still 
prevent the drawing of any firm conclusions concerning the breathing capacity 
at rates greater than 80/min. The fact that an appreciable loss of carbon dioxide 
occurs during open-circuit determinations of maximum breathing capacity 
further limits the value of close comparisons between open- and closed-circuit 
results. 

The significance of the carbon dioxide loss can be examined using calcula- 
tions developed in some earlier balance-sheet studies (Shephard, 1954, 1955, c). 
The metabolic cost of hyperventilation is relatively small, and is not imme- 
diately apparent owing to a lag imposed by the circulation time; thus the 
factor most likely to affect the body output of CO, during the first 15 sec of 
vigorous hyperventilation is an increase of cardiac output. It has been 
estimated (Shephard, 1954) that increase of ventilation to three times the 
resting level gives rise to a 15°% increase of cardiac output. Assuming that 
mechanical disturbances of the circulation are proportional to the severity of 
hyperventilation (the relative changes of pulse rate support this view), then a 
ventilation of twenty times the resting level should give rise to a 100% 
increase in cardiac output, and an associated clearance of up to 270 ml. of CO, 
from the blood without change of arterial pH. There will also be some CO, loss 
from the lungs: with a functional residual gas volume of 3500 ml. and a total 
change in alveolar CO, concentration of 3%, this will amount to 105 ml. By 
drawing up a simple balance sheet, it is now possible to calculate an approxi- 


mate value for the CO, loss from arterial blood: : 
Total body output of CO, over period of test = 670 ml. BTPS 
CO, production by tissues up to 70 ml. 
CO, loss from lungs 105 ml. r 
CO, loss due to increased cardiac output 270 ml. 
Total 445 ml. 


Effective loss of CO, from arterial blood = 670 — 445 = 225 ml. 
The total pulmonary blood flow for the 15 sec period is approximately 3 |. 
(cardiac output twice the normal value), so that the average carbon dioxide 
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loss is 75 ml./l. of arterial blood. In earlier experiments (Shephard, 1954), an 
increase in CO, content of 27 ml. produced a pH change of 0-02 unit, so that in 
the present case an average pH change of 0-05 units might be expected, and 
towards the end of the 15 sec period pulmonary venous blood might showa pH 
rise of as much as 0-10 units. 

The end tidal CO, tension falls by approximately 20 mm Hg over the course 
of the maximum breathing test. From the standard CO, dissociation curve for 
whole blood (Joffe & Poulton, 1920) the corresponding fall in arterial CO, level 
is at least 12 ml./100 ml., a value agreeing well with the balance-sheet calcula- 
tions. While @ maintained fall in arterial CO, of this order would produce 
prolonged apnoea, the buffering capacity of the medullary tissues is such 
that transient hypocapnia has:a much smaller effect on respiratory function 
(Haldane & Priestley, 1935). Assuming a minimum lung-brain circulation time 
of 5 sec, the tissues are exposed to the hypocapnic blood for 10 sec. During this 
time 2 1. of blood commence equilibration with a much larger volume of tissue 
fluid (55 1.), and the fall of CO, level in the medulla may be as little as 2-3 ml./1. 
Accurate dissociation curves for the medullary tissues have not yet been 
constructed, but it is probable that this corresponds with a fall in CO, tension 
of 0-5-1-0 mm. According to the calculations of Haldane & Priestley, a fall of 
1-5 mm is sufficient to produce apnoea, and it seems clear that towards the end 
of the maximum breathing test the chemical drive at the respiratory centre is 
waning. This is probably adequate to account for the secondary decline of 
respiratory effort that has been observed over the course of the test (Shephard, 
1955d), and points the fallacy of using 30 sec periods of testing (as has been 
suggested by some authors). It also offers a reasonable explanation of why 
Lewis & Morton (1954) were able to increase the maximum breathing capacity 
(Tissot method) by breathing 7:5°/, CO,, although the authors preferred to 
attribute their findings mainly to a release of adrenaline and a ‘warming-up’ 
of the respiratory muscles. 

The figures for CO, clearance may be considered in relation to the dead 
space controversy. The amount of CO, removed from the body over any time 
t, is given by the expression | 
alv CO, % At 
0 


where V, is the tidal volume, 
V; is the total dead space, and 
n is the number of respirations occurring in time t,. 


alv CO, % At 
ty 


It has been noted already that Moo, and are virtually 


independent of respiratory rate over the range 40-160 breaths/min. These 
symbols may therefore be replaced by constants K, and K, having real 
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values of 670 ml. and 3% respectively. The equation then reduces to the 
form 
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Tidal volume (mi. BTPS) 
Fig. 9. Relationship between dead space and tidal volume during maximum breathing 
capacity test. @, subject R.J.8.; O, subject D.P. 


- The only unknown is V;. Calculating dead space for the-range 40-160 
_ breaths/min on this basis, the values obtained (Fig. 9) support the contention 
of Haldane and his school that the dead space is greatly increased at larger 
tidal volumes. Recent studies with the nitrogen meter (Shephard, 19566) have 
suggested that the length of the critical expiratory phase is the factor that 
determines whether an increase of tidal volume produces an increase of dead 
space or not; during the maximum breathing capacity test the critical expira- 
tory phase is of course very short. The total alveolar ventilation is apparently 
very similar whether a few deep breaths or many shallower breaths are taken 
during the maximum breathing test. Pinelli (1947) criticized the use of a rapid 
rate, claiming that it was unphysiological and led mainly to ventilation of the 
dead space; however, the present experiments give good evidence that this is 
not the case, and imply that the test is no more unphysiological at high than at 
low respiratory rates. 
Physiological significance may be attached to the maximum breathing test 
while it is measuring either the maximum ventilation of which a patient is 


spor 
4 form 
3 du ir 
to th 
also 
7 char 
respi 
that 
breat 
carpe 
testi 
test. 
accey 
cape 
q Ot 
norm 
porti 
q the u 
grap! 
| the 
| ear le 
i in pa 
1 embs 
phys 
relati 
have 
more 
vital 
7 make 
traci: 
gas fi 
defin 
¢ircu 


OPEN-CIRCUIT BREATHING CAPACITY 111 


capable, or some closely related value. If compared with the ventilatory re- 
sponse to exercise (Stock & Kennedy, 1953; Gilson & Hugh-Jones, 1955) it 
forms a useful objective criterion of ventilatory status. Conditions during the 
maximum breathing test should conform, as far as possible, with those present 
during exercise. The resistance offered by the measuring device should be 
minimal, so that virtually the entire effort of the respiratory muscles is applied 
to the internal work of respiration. Some variation of respiratory rate should 
also be permitted, since during normal exercise the rate is adjusted with 
changes in the visco-elastic properties of the lungs in a manner that keeps 
respiratory work at a minimum (Christie, 1953). Thus far it may be concluded 
that the pneumotachograph gives a very satisfactory measurement of potential 
breathing capacity. In normal subjects the main drawback is a considerable 
carbon dioxide loss; this could be minimized either by shortening the period of 
testing, or by breathing a carbon dioxide mixture immediately before the 
test. However, since the loss is fairly regular in amount, it seems preferable to 
accept it as producing a slight systematic reduction of the apparent breathing 
capacity. 

Other systemic effects seem insufficient to affect the breathing capacity of 
normal subjects. If cases with chronic chest disease were tested, a higher pro- 
portion might encounter trouble from coughing; however, this would probably 
be due mainly to intra-thoracic redistributions of sputum rather than drying of 
the upper airway, and is not therefore a specific criticism of the pneumotacho- 
graph system. Considerable intra-thoracic pressure fluctuations occur during 
the test; these are probably responsible for the expiratory congestion of the 
ear lobule observed in normal subjects, and could have serious consequences 
in patients with pathologically weakened pulmonary tissues. The pulse changes 


__ also, although short-lived in a normal person, might lead to serious cardiac 


embarrassment in a patient with chronic cor pulmonale. Thus although 
physiological significance can be attached to maximum breathing values in 
relatively fit subjects, in many cases of pulmonary and cardiac disease the 
performance may be adversely affected by systemic factors, and the test can 
have serious clinical consequences. In such circumstances it is often safer and 
more accurate either to predict the maximum breathing capacity from the fast 
vital capacity record (Bernstein & Kazantzis, 1954; Shephard, 1955d), or to 
make a direct estimate of the state of the patient from the fast vital capacity 
tracing (Shephard, 19562). 


SUMMARY 

1, An improved pneumotachograph system having a very low resistance to 
gas flow, and capable of recording peak flows up to 500 1./min, has been used to 
define factors affecting the maximum breathing capacity as measured by open- 
circuit techniques. 
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2. In young male subjects, a peak breathing capacity is reached at a respira- 
tory rate of 90-100 breaths/min, but there is little change of capacity over the 
range 70-150 breaths/min. Different types of apparatus may conveniently be 
compared in terms of the ratio maximum breathing capacity/vital capacity, 
since this ratio is virtually independent of subjects’ age, size and respiratory 
rate. With the pneumotachograph, the value obtained is approximately 32-0: 1. 

3. Measurements by the Douglas bag technique show a CO, loss of 600- 
700 ml. during the 15 sec of the test. This is independent of respiratory rate 
over the range 40-160 breaths/min. The end tidal concentration of CO, falls to 
just over 2 % , and the arterial CO, level drops by an average of 75 ml./l. Calcu- 
lations suggest that this loss may cause some reduction of respiratory effort 
towards the end of the test, and that the respiratory dead space appears 
greatly increased at the larger tidal volumes. 

4. Systemic effects of the maximum breathing test include some drying of 
the throat (normally insufficient to precipitate a cough), a peak rise of pulse 
rate of 30-40 beats/min, persisting for less than half a minute, and considerable 
aural venous congestion during expiration. 

5. It is concluded that in relatively fit persons the test has physiological sig- 
nificance as a measure of breathing potential, but in less fit patients the method 
is neither reliable nor safe, and should be replaced by the fast vital capacity 


manoeuvre. 
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PROPERTIES OF IRIN, A PHYSIOLOGICAL CONSTITUENT OF 
THE RABBIT’S IRIS 


By N. AMBACHE 


From the Medical Research Council Ophthalmological Research Unit, 
Institute of Ophthalmology, Judd Street, London, W.C.1 


(Received 10 August 1956) 


The experiments described in the present paper show that extracts of the 
freshly excised rabbit’s iris contain a hitherto unknown smooth-muscle 
stimulating substance to which the name irin has been given. Irin has been 
distinguished from various active substances which are found in mammalian 
tissues, namely choline esters, histamine, 5-hydroxytryptamine, bradykinin 
and substance P. Several methods for purifying this substance are described 
and its acidic nature has been demonstrated. A preliminary account of these 
experiments appeared in the Proceedings of the Physiological Society (Ambache, 
1955, 1956). 
METHODS 
Rabbit iris extracts 

Rabbits of mixed stock, including several albinos, 
chloride anaesthesia ; some of the animals were first bled from the carotid arteries. Excision of the 
eyes resulted in constriction of the pupils. The eyeballs were opened equatorially and the irides 
were pulled out with fine forceps together with their outer frill of ciliary tissue. They were dried 
thoroughly by rubbing firmly between successive Whatman No. | filter-papers, thus removing 
much pigment and most of the ciliary body. The dried tissue was weighed on a torsion balance 
fitted with a Perspex cup. In some experiments the use of filter-paper was avoided; the irides 
were weighed wet and then ground. 

As it was probable that the iris contained traces of blood, for the preparation of several extracts 
the eyes were removed after the head had been perfused from both common carotid arteries with 
0-5-1 L. of warm glucose-free Locke’s solution until the venous return was clear. It was usual to 
transect the spine and cervical cord at the root of the neck halfway through this perfusion in order 
to allow a better outflow from the vertebral arteries. 

Extraction in water, The dried tissue was ground in a mortar for several minutes with one of the 
following fluids (1 ml./50 or 100 mg tissue): (a) distilled water, (b) the de Jalon’s fluid used for the 
rat colon preparation, (c) Tyrode’s solution as modified by Ambache & Lessin (1955), (d) distilled 
water containing 0-015-0-06% NaHCO, or the buffer system of the above Tyrode’s solution. The 
ground tissue emulsion (sometimes centrifuged and tested at this stage, before heating, and foun) 
to be pharmacologically active) was decanted into a centrifuge tube which was placed in a boiling 
water-bath for 2-3 min in order to coagulate proteins; it was then cooled at once under a cold tap. 
The extract was centrifuged at 3500 r.p.m. for 10 min and the slightly turbid supernatant ws 
measured and decanted into a weighing bottle for storage at -15° C until use. Clearerextracts were 
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obtained by centrifuging for longer periods at 1° C and 13,000 r.p.m. Dilutions of the extracts for 
biological assay were made in the de Jalon’s solution used for the rat colon. 

Extraction im acetone. The dried irides were dropped into 1 ml. of acetone A.R. per 50 mg tissue. 
After } hr the irides were snipped with scissors, and then stood at room temperature for another 
} br. After centrifugation the supernatant acetone was decanted and evaporated to dryness, 
either in a stream of air from a fan at room temperature or in a desiccator connected to a high 
vacuum ballast pump (Edwards type 2SC 20). Unless otherwise stated, the dry residue was taken 
up before use in 1 ml./100 mg tissue of 0-9% NaCl or of the de Jalon’s fluid used for the rat colon. 

Dosage of irin. In the biological assays the dose of iris extract is given as the ‘tissue-equivalent’ 
in =mg, i.e. as the weight in mg of original tissue to which the dose of extract corresponds. 


Biological assays 
of colon were suspended in a 5 ml. organ bath at 234 2° C between platinum hooks as illustrated 
by Ambache & Lessin (1955). The oxygenated bath fluid was that used for the colon by Gaddum, 
Peart & Vogt (1949). Atropine and lysergic acid diethylamide (LSD) were added to the reservoir 
and were present in the bath fluid in concentrations of at least 10~’ throughout the irin assays. 
More than 1 hr was allowed for full relaxation before beginning assays. | 
Rat uterus. The technique followed was that of Amin, Crawford & Gaddum (1954). The oxy- 
genated bath fluid was at 30° C and contained 10~* atropine sulphate. 
Rabbit and guinea-pig ileum preparations were set up in the above modified Tyrode’s solution 
bubbled with 95% O, and 5% CO,, at 35° C. In some of the experiments on the guinea-pig ileum 
the terminal end was used (omitting the Peyer’s patch in the last 1-2 cm before the caecum) and 
the temperature was lowered to 30° C. 
Ox sphincter pupillae muscle. Fresh ox eyes were opened by an equatorial incision. The iris was 
pulled out together with the ciliary body, which was dissected away with curved scissors from the 
outer margin of the iris. The unbroken ellipse of iris tissue was suspended lengthwise, either be- 
tween two ligatures placed at each narrow end, or between one ligature and a hook slipped through 
the ellipse, and not the tissue itself, at its lower end. The preparation was maintained at 30-31-5°C 
in the same de Jalon’s solution as was used for the rat colon. At 37° C and in the modified Tyrode’s 
solution (95% O,+5% CO,) this muscle was found to be prone to spasm as already stated by 
Leyko (1935) and by Riiegg & Hess (1953). 
of x8, 
in cats anaesthetized with 39 mg/kg pentobarbital sodium, intraperitoneally. Atropine SO, 
(>1 mg/kg) was administered intravenously. [rin was injected into the anterior chamber through 
4-5 mm self-sealing oblique valvular tracks in the cornea by the method described previously 
(Ambache, 1951). 
Incubation with chymotrypsin 
Crystalline chymotrypsin, as supplied by Armour Laboratories sil caetalpiaictaabeibiiiioes 
50% MgSO,, was dissolved in the de Jalon’s fluid used for the rat uterus, to give a solution of 
4 mg/ml. To 0-4 ml. of this solution in a quartz-stoppered tube I, was added 0-4 ml. of a watery 
extract E, equivalent to 20 mg of iris tissue. This mixture was placed in a rotating test-tube holder 
in a water-bath at 37° C, where it was left for 1 hr together with a control tube I, containing 
0-4 ml. E +0-4 ml. de Jalon’s solution. At the end of the hour I, and I, were diluted to 2 ml. with 
the de Jalon’s fluid used for the rat colon so as to contain =10 mg of iris/ml. For the assay an 
amount of chymotrypsin equivalent to that present in I, was added to the organ-bath when I, 
was tested. 


For control experiments substance P and bradykinin were incubated similarly with the same 
chymotrypsin solution. The sample of substance P, kindly supplied by Dr B. Pernow, Stockholm, 
and stored at -15° C for 1 year, had an original activity of 50 Euler units/mg. 7 | 
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Purification of watery extracts 

The watery extracts described above were further purified in two stages: 

Stage 1: acetone treatment. 20 vol. of acetone were added. A cloudy precipitate containing less 
than 5% of the pharmacological activity of the extract was removed by centrifugation. The super- 
natant acetone was evaporated to dryness as above. The residue could then be either used for 
biological assay, by re-dissolving in de Jalon’s fluid, or further purified as follows. 

Stage 2: Chloroform re-extraction. To the residue obtained at the end of Stage 1 a few ml. of 
washed chiceotvem were added. This was ewitled round Sow times and Chen decanted away from 

luble impurities visible on the sides of the beaker. The chloroform was evaporated 
to dryness with a fan. Before use this second residue was redissolved in de Jalon’s fluid. 

Commercial chloroform contains 1 % ethyl alcohol, added to prevent noxious oxidation products. 
This has been removed by shaking the chloroform 7-8 times with an equal volume of distilled 
water on the day of the experiment, as it has been found that washed chloroform which has been 
allowed to stand for several days becomes very acid, presumably through the formation of phos- 
gene and HCl; these by-products appear to destroy irin. 


Paper electrophoresis ; 

Whatman No. | paper was cut in lengths of 42-46 om by 3-4 or 75 cm wide. A small circular 
spot (ca. 1 om) of material was placed on a transverse ‘origin’ at the middle of each paper, by 
applying 0-01—0-2 ml. of solution in tiny drops. The papers were then placed in the electrophoresis 
tank symmetrically astride a glass rod, with their origin over the rod and with their ends dipping in 
the solvent in two troughs, each containing a carbon electrode; the solvent level was about 
18 cm below the glass rod. The papers were carefully wetted with solvent almost to the origin. 
The tank was sealed and the solvent level in the two troughs was equalized by a siphon. After 
}++1 hr equilibration the current, from an Evans Electroselenium stabilized power pack, was 
switched on for 3-4 hr. 

The solvent was 11. NaCl 0-1 % containing 1-56 g NaH, PO,.2H,0 +a few ml. of to the 
desired pH, which was varied between 5-2 and 9-1 in different runs. The NaCl content was trebled 
in Expt. 1 of Table 1. The current varied between 2-5 and 6 mA at voltages of 150-270 V. 

Controls. The following controls were carried out each time: 

(a) 80-100 ug of glucose, as a ‘neutral’ marker. The endosmotic effect is such that glucose 
always shifts slightly towards the negative pole (0-6-2-25 cm). It is therefore necessary to apply 
this correction factor to all other migration values. The final position of the glucose was revealed 
as a brown spot by the method of Partridge (1949). The centre of this spot was taken as the 
corrected zero from which all migration measurements were made. 

(6) 80 zg each of two amino acids, one acidic and the other basic. In Expt. 3 of Table | 
cysteic acid and arginine were used, but in all the others aspartic acid (or its NH, salt) and lysine 
HCl. The final position of the amino acids was revealed by spraying with 0-1 % ninhydrin. 

Extract details. The extracts used for electrophoresis were either acetone extracts or watery 
extracts purified by acetone or by acetone and chloroform. In Expt. 5 of Table 1 the distilled 
water extract, béfore being purified by acetone, was treated with ether as follows. The watery 
supernatant was shakedvith 1 vol. of ether; the ether was then separated off and discarded. This 
stage introduces a loss of about 20% from distilled water extracts. 

When the acetone was fanned down to one-tenth its volume (ca. 10 ml.), it was dispensed in 
equal amounts into 10 ampoules, which were pumped to dryness during the night. The sealed 
ampoules were stored at —15° C. The contents of one of these ampoules was taken up in 0-1 ml. of 
distilled water per =20 mg iris, and two ‘spots’ of 0-09 and 0-11 ml. respectively were placed on 
the paper about 2 om. apart on the origin. 

Location of irin. The position of the active substance on the dry papers was ascertained by assay 
on the rat colon in atropine with and without lysergic acid diethylamide (LSD). The paper ws 
cut, at right angles to its long axis, into transverse slices 0-5 or 1 om wide and 3-4 cm long. For 


ac 
270 
out 
2 ox 
nine 
col 
Th 
We 
phe 
COL 
of 
of t 
iles 
4 in 
gui 
the 
pre 
Dis 
pre 
atr 
40) 
in 
| Mo 
4 ese 
tiss 
ext 
fros 
Fig 
“ble 
exc 
wit 
4 bet 


between 6-1 and 6-7. 


IRIN | 117 
sony lice was picked up with forceps and dropped into the organ bath whét it 
was left for 2 min. 


Electrophoretically purified irin was prepared in bulk by repeating the procedure outlined in 
section 2 for Expt. 5 of Table 1, but larger amounts of extract were applied to 15cm wide papers as 
a continuous line at the origin. Markers were omitted; solvent pH was fixed at 8-8, voltage at 
270 V, and duration at 4 hr. After electrophoresis a preliminary location of the irin was carried 
out by assay of a narrow (1-5 cm) marginal strip from this paper. Irin activity was confined to a 
2 cm band at om+3 to +5. The corresponding 2 cm band was then cut out from the remaining 
nine-tenths of the paper and the irin was eluted from it with the deJalon’s solution used for therat 
colon and stored at -15° ©, 


RESULTS 
I. Distinction of irin from various pharmacologically active bases 
of natural occurrence 

The iris in enucleated rabbits’ eyes is in a state of prolonged constriction. 
Watery extracts of such irides, whether pigmented or albino, contain a 
pharmacologically active substance which differs from most known tissue 
constituents. This substance, termed irin, is capable of contracting a number 
of isolated smooth-muscle preparations such as the diagonally striated portion 
of the rat’s colon, the isolated ox sphincter pupillae, and guinea-pig and rabbit 
ilea. The contractions of the rat colon which are produced by irin are shown 
in Fig. 1; those of the ox sphincter pupillae in Figs. 3 and 8; and those of the 
guinea-pig ileum in Fig. 10. The rat colon and the ox sphincter pupillae were 
the most sensitive of these preparations. The routine preparation used in the 
present work has been the rat colon, which, in a 5 ml. bath, detects the irin- 
activity of as little as 0-25-1 mg of iris tissue. — 
Distinction from choline esters 

The contractions produced by iris extracts on the various smooth-muscle 
preparations are resistant to atropine 2x 10-*-10-*. Such concentrations of 
atropine render the rat colon insensitive to at least 0-2-1 wg of ACh; this is 
40-200 times greater than the amount of ACh (about 5 ng) which is present 
in 1 mg of fresh rabbit iris (Ambache, Morgan & Payling Wright, 1948). 
Moreover, with the present method of watery extraction in the absence of 


_ eserine, most of the ACh in the iris is destroyed by the cholinesterase of that 


tissue when it is ground. In fact ACh could not be detected in two such 
extracts (<0-05 and <1-66 yg/g respectively) when assayed on the eserinized 
frog rectus abdominis muscle. 

The atropine resistance of irin responses is shown in Fig. 1 (rat‘colon) and in 
Fig. 3 (ox sphincter pupillae). In the experiment of Fig. 1 the extract was 
‘blood-free’ and had been made by grinding, in distilled water, the freshly 
excised irides of two albino rabbits whose heads had been previously perfused 
with 11. of warm glucose-free Locke’s solution. The pH of the extract was 
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On the rat colon atropine not only failed to antagonize but actually poten- 
tiated the action of irin. As shown in Fig. 1, this potentiating effect consisted 
in a shortening of the latency (from 16 sec at C to 10 sec at #) and an increase 
in the height and duration of the contraction. 


Atropine 


Ag 02 
mg =12 =3 33 05 1 


Fig. 1. Rat colon preparations suspended in 5 ml. baths. A to Z, comparison of the effects of iris 
extract and of ACh before and after atropine given 20 min before D. F and G, inhibitory 
effects of urocanylcholine on the spontaneous activity of another preparation in the presence 
of atropine 10-* and of LSD 10~’. In all figures dots or + indicate administration of drugs; 

_ vertical lines or | , bath washes; time marker 1 minsexcept where specified. 
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Irin also differed from ACh by the fact that, in doses of =5-10 mg, it gave 
rise to prolonged contractions of the ox sphincter, which was insensitive to 
10 wg of ACh. The irin-contractions of this preparation were also resistant 
(Fig. 3) to doses of atropine which were adequate to block the effect of the 
muscarine-like drugs 2268 F (a-8-ethylal-y-trimethyl-ammonium-propanediol) 
and 5-methyl-furmethide. The meiotic effect of intraocular injections of 
partially purified irin in atropinized rabbits has been reported previously 
(Ambache, 1956); the effect of purer material on cats’ eyes is described below. 

Urocanylcholine (murexine). When the optical density of watery iris extracts 
was measured, against a blank reference cell containing the solvent of the 
extracts, in a Unicam 8.P. 500 spectrophotometer (0-6 ml. silica cells) over 
the range 200-350 my, it was found that their absorption spectra had a 
component peak at 250-260 my, which is close to the absorption maximum at 
264-265 my of urocanylcholine (Erspamer & Benati, 1953). Although devoid 
of ‘muscarinic’ activity (Erspamer, 1948, 1953) urocanylcholine is reported to 
have a feeble motor action on some intestinal preparations; in rabbit gut an:! 
in some other preparations this effect is atropine-resistant (Erspamer, 194%). 
Its action on the rat colon has not been examined previously. In concentra- 
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tions of from 2x 10-* to 4x 10-, urocanyltholine found to inhibit this 


preparation (Fig. 1 ¥’, @), whether atropine was present or not. This inhibitory 
action may be due to the imidazole portion of the murexine molecule. 


Distinction from 5-hydroxytryptamine 

The contractions produced by iris extracts are not due to 5-hydroxytrypt- 
amine (5-HT). Many of the extracts were made from irides freed of blood. 
But even the amounts of 5-HT which are known to be present in blood would 
be insufficient to account for the pharmacological action observed with extracts 
made from unperfused irides. The blood content of the rabbit’s iris has been 
given by Palm (1951) as about 5%. It can be calculated from this value and 
from figures given by Humphrey & Jacques (1954) that in each mg of iris the 
blood content would contribute 0-25 ng of 5-HT, and about 0-1 ng of histamine. 


t 
HT HT eer 
LSD 2x10" 
Fig. 2. Rat colon preparation suspended in 5 ml. bath containing atropine 10~’ throughout. 
Comparison of the effects of iris extract (I) and 5-hydroxytryptamine (HT) before (A to C) 
and after (D to @) adding LSD; the LSD was added at x, 20 min before D, whilst the drum 
was stopped. 

Irin differed from 5-HT in the following properties: 

(1) It could be extracted from aqueous solutions by chloroform, whereas 
5-HT remains in the aqueous phase (Dalgliesh, Toh & Work, 1953). 

(2) The effect of irin on the rat colon was not abolished or reduced by the 
5-HT-antagonist lysergic acid diethylamide as illustrated in Fig. 2. The 
extract used in this experiment was made from unperfused pigmented irides. 
(3) The isolated ox sphincter pupillae was sensitive to irin but very 
insensitive to 5-HT (see Fig. 3B, D). | . 
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(4) The atropinized rat uterus, although sensitive to 5-HT, did not respond 
to iets extracts in doses of up to =10mg. However, such large doses of iris 
extracts potentiated the action of 5-HT when the two were administered 
together. This is illustrated in Fig. 4 (lower panel). 
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Fig. 3. Ox sphincter pupillae muscle suspended in 5 ml. bath. Comparison of the effects of hist- 
amine (H), 5-hydroxytryptamine (HT), 2268 ¥ (F) and irin (I) before and after atropine plus 
mepyramine given 1 hr before G and kept in the bath to the end of the experiment. The 
mepyramine was first added in a concentration of 10-* and increased to 10-* 40 min later. 
Periods of contact 1 min except at F and J (2 min.). 

Distinction from histamine 

The contractions produced by iris extracts on the rat colon can naturally 
not be due to histamine since this preparation is insensitive to histamine and 
may even be slightly inhibited by it. The contractions produced in the hista- 
mine-sensitive ox sphincter pupillae and in atropinized ileum preparations of 
guinea-pigs and rabbits are also not due to histamine since they are resistant to 

mepyramine. This is shown on an ox sphincter in Fig. 3; and in Fig. 10 on a 


guinea- pig ileum, first with a crude iris extract and then with electrophoretically 
purified irin. 


Distinction from bradykinin 
The contractions produced by iris extracts cannot be due to the presence of 
the polypeptide bradykinin, as is shown by the following comparison: 


Whereas the rat colon is sensitive to irin, and contracts, it was rather in- 


sensitive to bradykinin and was inhibited by it in large doses (50-400 jg). 
This difference is illustrated in Fig. 4 (top) on a preparation rendered insen- 
sitive to 5-HT by LSD. 
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The atropinized rat uterus, which is very sensitive to bradykinin, was 
relatively insensitive to irin as shown in Fig. 4 (bottom). Although iris extracts 
in doses of up to = 10mg did not by themselves contract the rat uterus, such 
large doses increased the response to bradykinin, if the two were given together 
(see Fig. 4, nos. 6-8). 
_ Whereas bradykinin is insoluble in acetone and in methylethylketone 
(Prado, Beraldo & Rocha e Silva, 1950), irin was found to be soluble in 95and 
100% acetone, and to have a high R» value in methylethylketone. 

Unlike bradykinin irin was not destroyed by chymotrypsin. 


A B 


Brad HT HT 


Fig. 4. Parallel assay on rat colon (upper panel) and rat uterus (lower panel) of bralipkinin 
(Brad), iris extract (I) and 5-hydroxytryptamine (HT). Both preparations nope 
5 ml. baths; bath fluid for rat colon contained atropine 10-’ and LSD 2 x 10~", and for rat 
uterus atropine 10-* throughout. For details see text. 
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Distinction from substance P 

Irin is not identical with the active polypeptide substance P, as is shown by 
the following differences : 

As mentioned before, irin is soluble in acetone, whereas Amin ef al. (1954, 
pp. 602 and 611) have shown that tissues extracted with 95% acetone retain 
98-99-67 % of their substance P content. On the other hand, when 20-24 vol. 
of acetone were added to watery extracts of rabbits’ irides, irin was not 
precipitated. Moreover, irin was directly extractable from the tissues of the 
iris into 20 vol. of acetone. In one experiment irin from a dried residue 
was taken up in 100% acetone, freshly distilled after storing over CaCl,; the 
- amount which dissolved in this acetone was only slightly less than that which 
had dissolved inte water from a parallel sample of the same residue. The 
solubility in acetone also distinguishes irin from the common phosphatides, 
since lecithin, cephalin and sphingomyelin are precipitated by acetone. 

Whereas substance P is insoluble in ether and only slightly soluble in 
chloroform if alkaline (von Euler & Gaddum, 1931; Pernow, 1955), irin was 
extracted from water by acid chloroform and was found to be appreciably 
soluble in ether. 

Substance P is known to behave as a base and, on paper Tebeophioeesis at 
alkaline pH, to migrate towards the cathode (Vogt, 1953; Pernow, 1955). The 
converse was true of irin, as will be described in detail later on. 

As shown by Eliasson, Lie & Pernow (1956) chromatograms of substance P 
in water-saturated n-butanol-acetic acid have to be run in an atmosphere of 
nitrogen and the Ry value is 0-38, Irin, on the other hand, could be chromato- 
graphed in air and its R, in the above solvent was 0-91-0-98. 

It has already been mentioned that irin is resistant to chymotrypsin- 
digestion, a treatment which rapidly destroys the pharmacological activity of 
substance P (Pernow, 1955). This difference is illustrated in Fig. 5. 

In the experiment of Fig. 5 the activity of an iris extract incubated with 
chymotrypsin for 1 hr at. 37° C was compared at two dose levels (=0-5 and 
1 mg) with that of controls of the same extract incubated without chymo- 
trypsin. The extract used for incubation contained =25 mg of iris per ml. and 
to half of it 2 mg/ml. of chymotrypsin was added. The chymotrypsin did not 
diminish the activity of the extract, as can be seen from a comparison of 
A with B and C with D. In contrast, when a solution of substance P was 
incubated with a much lower concentration of the same chymotrypsin 
(0-36 mg/ml.) its activity was greatly reduced. This is shown by comparing 
the effect of 100, 50 and 30 yg of ‘control’ substance P, incubated without the 
enzyme (#, G and J), with that of 100 and 191 yg of digested substance P at 
F and H. The effect of 191 yg of substance P incubated with chymotrypsin 
was smaller than that of 30 ug of undigested substance P. Thus more than 
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80°, of the substance P was inactivated after 1 hour’s treatment with ck ymo- 
trypsin; a sample taken after the first half hour of incubation showed that 
already over 50% of the substance P had been inactivated. It might be 
mentioned in this connexion that when a solution containing 500 g/ml. of 
bradykinin was incubated for 1 hr with 2 mg/ml. of chymotrypsin between 
96 and 98%, of the bradykinin was inactivated. 


lp Ip Pe Pp Pe Pp Po 
mg205 “1 “1 pg 100 


Fig. 5. Rat colon in 5 ml. bath containing atropine 10-’ and LSD 10~ throughout. Effect of 
incubation with chymotrypsin on the activity of irin (A to D) and of substance P (E to J): 
Ip, irin incubated with chymotrypsin; I, irin incubated without chymotrypsin, but assayed 
in its presence (control); P,, substance P incubated with chymotrypsin; P,, substance P 
incubated without chymotrypsin, but assayed in its presence. For details see text. 


II. Purification of irin by acetone treatment and chloroform re-extraction 
The purification of irin by chloroform re-extraction is illustrated by the 
result in Fig. 6, which is representative of four experiments of this type. A dis- 
tilled water extract of six pigmented ‘blood-free’ irides (250 mg) was treated 
with 20 vol. of acetone and centrifuged. The acetone-insoluble precipitate was 
found to contain less than 5% of the original pharmacological activity and 
was discarded. The clear acetone supernatant was evaporated to dryness in 
a beaker; the dry residue was then re-extracted with 10 ml. of washed chloro- 
form. The chloroform was decanted and then shaken with one-tenth its vol. of 
distilled water. After separating from the water layer, the chloroform layer 
was dispensed in equal fifths into five weighing bottles and each was evaporated 
to dryness; each weighing bottle therefore contained the irin-equivalent of 
50 mg of itis tissue. The content of one of these was taken up at once in 0-9% 
NaC! solution and assayed on the cat’s iris and on a rat colon with and without 
LSD. 
_ On the cat’s iris the intraocular injection of =0-5 mg of the purified material 
in 0-1 ml, of saline solution decreased the horizoutal diameter of the pupil 
by 3 mm. The injection into the contralateral eye of =2-5 mg in 0-05 ml. of 
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saline solution narrowed the pupil from 9-5 to less than 1 mm in 9 min; 7 min 
later it was still 1-5 mm. The assay on the rat colon is shown in Fig. 6. The 
activity of =0-5, 1 and 0-75 mg of this purified material is shown at B, C and D 
before, and at G, J and J after, treating the colon with LSD. : 

Another of these weighing bottles was used to determine the quantity of 
chloreform-soluble material present. For this purpose the bottle was weighed 
before and after removing the chloroform-soluble material in it with two lots 
of 1 ml. of washed chloroform. The difference between the two weighings was 


»gOS 47 47 OS 9-4 05 

mg 805 =1 #075 =05 =1 2075 

Fig. 6. Rat colon suspended in 5 ml. bath containing atropine 10~’ throughout. Effect of purified 
irin (I) and 5-hydroxytryptamine (HT) before (A—Z) and after LSD 10-’ (F-—K). The amounts 
of purified irin are given above in ug and, below, as the equivalents of fresh tissue in mg. 


0-47 (+ 0-01) mg. Thus the 50 mg of iris tissue had yielded 0-47 mg of chloro- 
form-soluble material. It could therefore be calculated that the responses 
obtained in Fig. 6 with =0-5-1 mg of tissue had in fact been elicited by 4-7- 
9-4 wg of the purified material; in a 5 ml. organ bath this represents a con- 
centration of 1-2 x 10-* of the active substance at this stage of purification. 
The yield of 0-47 mg of active chloroform-soluble material from 50 mg of iris 
represents a purification of about 100 times. When this purification procedure 
was repeated in another experiment a similar result was obtained, 35-3 mg of 
iris yielding 0-38 mg of chloroform-soluble material. The amount of irin 
extractable from a rabbit’s iris may therefore be taken as less than 1%, of the 
weight of tissue. 

The finding that after this purification procedure strong activity was present 
in the chloroform-re-extracted material, when administered in doses equivalent 
to 0-5 mg of tissue, suggested a high recovery of irin-activity by this method. 
The actual recovery was determined in separate experiments. In order to 
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obtain a good yield it was necessary to wash (or re-wash) the chloroform on the 
day of the experiment, as mentioned in Methods; otherwise recovery was low. 
When, however, this precaution was taken recovery of the activity wasover 80%. 

When dry carbon tetrachloride was used instead of chloroform for re- 
extraction the recovery was less; in one experiment it was 40%, in another 
over 65%. In one experiment in which an ampoule containing an active 
residue was re-extracted with crystallizable benzene, instead of with chloro- 
form, the benzene dissolved more than 90% of the activity in the ampoule. 
On the other hand, when irin was partitioned between equal volumes of 
09% NaCl solution and benzene, >90% of the activity remained in the 
watery phase. 


III. Evidence that irin carries a net negative charge 
A. Partition between chloroform and water ; behaviour as a weak acid 


The partition of irin between chloroform and water depends upon the pH of 
the water phase. The presence of NaHCO, in the water phase extracts irin 
from the chloroform; conversely, acid drives the irin from the water into the 
chloroform phase. Thus irin behaves like a weak acid since alkali would 
promote the dissociation of such an acid, and so increase its solubility in 
water; on the other hand, at low pH the acid would be present in its undis- 
sociated form, which would be more soluble in chloroform. 

The fact that irin behaves as a weak acid explained an inadvertent finding. 
When 0-9% NaCl was used for partitioning with chloroform the result obtained 
was opposite to that of a partition in which de Jalon’s fluid was used as the 
watery phase. De Jalon’s solution contains enough bicarbonate (0-015%) to 
retain most of the irin in the watery phase, whereas 0-9°% NaCl is sufficiently 


_acid to allow escape of irin into the chloroform phase. 


Fig. 7 illustrates the results obtained when irin was partitioned between 
chloroform and an acid, or an alkaline, watery phase. The acid watery phase 
consisted of bicarbonate-free de Jalon’s solution acidified with HCl to pH 3-5; 
the alkaline watery phase, of de Jalon’s solution, in which the bicarbonate was 
raised to0-11%, to give a pH of 8-2. Incidentally, when these two modified de 
Jalon’s solutions were mixed in equal proportions they neutralized each other 
to pH 7. The irin preparation used was a dried acetone extract of irides; it was 
dissolved in freshly washed chloroform so that 1 ml. contained the equivalent 
of 30 mg of tissue. To 1 ml. of this solution 1 ml. of acidified, and to another 
1 ml., 1 ml. of alkaline, de Jalon’s fluid were added in glass-stoppered tubes. 
After shaking the two tubes the contents of each were transferred to a 2 ml. 
syringe which was inverted for separation of the layers. When they had 
separated, the watery layer in each syringe was sucked off into a 1 ml. syringe 
with a fine needle and its volume was noted. The same was then done for the 
chloroform layers. The watery layers were immediately neutralized with an 
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equal volume of the appropriate modified acid or alkaline de Jalon’s solution 
and the traces of chloroform present in them were removed by bubbling air 
through them for 4 hr. The chloroform layers were evaporated to dryness in a 
stream of air, and were re-dissolved in twice their volume of unmodified de 
Jalon’s fluid. In this way all four final solutions contained the same equivalent 
of tissue per ml, (= 15 mg). 


B C D E 


Chloroform Watery phase ChioroformWatery phase Same as B 
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Fig. 7. Rat colon suspended in 5 mi. bath containing stropine 10-* and LSD 10-’. Partition of 
irin between water and chloroform under acid and alkaline conditions. ea cae 
A, B, and F; acid partition: C, D and HZ, For details see text. 


Fig. 7 shows that in the alkaline partition more than 80%, of the pharmaco- 
logical activity was present in the watery phase, since the response to 0-1 ml. 
of this phase (at B and F') was considerably greater than to 0-4 ml. of the 
chloroform phase (at A); the latter was virtually devoid of activity. In the 
acid partition the response to 0-1 ml. of the chloroform phase (at C’) was greater 
than that to 0-3 ml. of watery phase (at D) and still slightly greater than the 
response to 0-4 ml. of watery phase (at #). Moreover, the response to 0-1 ml. 
of this ‘acid’ chloroform phase was almost identical with that to 0-1 ml. of the 
‘alkaline’ watery phase. In the acid partition, therefore, slightly more than 
80% of the activity was found in the chloroform layer. This suggests that 
the pK of irin lies somewhere between pH 3:5 and 8-2, probably below the 
mean of these two values. 


B. Paper electrophoresis | 
The pharmacologically active substance in iris extracts has a tendency, 
which is increased at alkaline pH, to migrate towards the anode on electro- 
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phoresis. When crude watery extracts were used they gave rise to diffuseness 
of the final active area on the positive side of the paper, but with purified 
extracts the pharmacologically active region on the paper was sharply 
delimited. There was a definite peak of activity confined to a zone of 0-5-1 cm, 
with a narrow band of reduced activity on either side of the peak. The results 
obtained with extracts purified in different ways are given in detail in Table 1; 
the migration values are corrected for the endosmotic shift shown by the 
glucose marker (see Methods). In none of the experiments was any pharmaco- 
logical activity detected on the negative side of this marker, the position of 
which has been taken as the corrected zero. At acid (pH 5-2) as well as at 
neutral or slightly alkaline (7-6) pH (Expts. 1 and 2 of Table 1) the positive 
migration of irin was so small as to suggest a lack of movement from its 
origin. At more alkaline pH and with longer durations of current (Expts. 3-5) 
there was a definite anodal migration, and the peak of pharmacological 
activity was well away on the positive side not only of the glucose spot but 
also of the ‘origin’. The extent of the anodal migration was less than that of 
the aspartic acid marker. 

Several of these points are illustrated in Fig. 8, which shows the pharmaco- 
logical assay of the electrophoresis paper from Expt. 5 of Table 1. In the 
experiment two ‘spots’ consisting of =18 and =22 mg of iris, respectively, 
were run in parallel, and at the end of the electrophoresis the dried paper was 
split longitudinally into two strips, each containing one of the spots. The strip 
containing the =18 mg of iris extract was assayed cm by cm lengthwise on the 
rat colon. The exact location along the axis of each transverse cm slice of 
paper is given in the figure after correction for the position of glucose, which in 
this experiment had shifted 1-8cm towards the cathode. Pharmacological 
activity was detected only in slices 11, 12 and 13. The responses to these were 
clearly distinguishable from the normal spontaneous contractions of the 
preparation. All other slices were inactive. There was a clear peak of activity _ 
in slice 12, i.e, at +4-8 to 58. 

The strif containing the =22 mg spot was stored till next day at -15° C and 
then split down the middle longitudinally into two strips, each thus carrying 
=11 mg of iris. One strip was used for a test on a preparation of ox sphincter 
pupillae (see Fig. 8, second panel) and the other on a cat’s iris. For the test on 
the ox iris a transverse slice from the negative side and one from the positive 
side were added to the bath. The slice from the positive side corresponded in 
location to the two slices 11 and 12 in the assay on the rat colon. Whereas the 
slice from the negative side was inactive, that from the positive side elicited a 
prolonged spasm which was so powerful as to send the lever off the scale. The 
spesm persisted for over 15 min and the preparation had not relaxed fully 
30 min, although the bath fluid was changed after 2} min and frequently 
thereafter. 
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For the test on the cat’s iris one third was split off longitudinally from the inta 
margin of the second strip, thus carrying =3-6 mg iris. Again a transverse cor! 
slice was cut out from the positive side (position: +3-8 to 5-8) and another alsa 
from the negative side (position: — 0-2 to — 2-2). Each of the slices was then inje 
eluted with 0-1 ml. of de Jalon’s fluid and 0-08 ml. of each eluate was injected ‘tha 
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TasBLe 1. Anodal migration of irin on paper electrophoresis co 
conditions: Corrected position of 
pH of buffered solvent, afte 
Expt. Details of extracts b) voltage, ; AW ~ Corrected location of 
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1 Blood-free, purified pH76 
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Fig. 8. Anodal migration of irin on paper electrophoresis (Expt. 5 of Table 1). Larger panel: _— 

location of the irin by assay of the paper on a rat colon in atropine 10-7 and LSD 2 x 10-’; abo 

activity confined to slices 11-13. Smaller panel: isolated ox sphincter pupillae, showing effect |  effe 

of the electrophoretically purified irin from a corresponding positive slice of a parallel paper- 0-5. 
strip at Pos., and absence of activity from a control negative slice at Neg.; time marker PY eff 

5 min. The position of each slice in cm along the longitudinal axis of the paper is given below . 

_ the slice numbers. For details see text. . a8 8 
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into the anterior chambers of an atropinized cat through oblique self-sealing 
corneal tracks of about 5 mm length. The result is illustrated in Fig. 9, which 
also shows the corneal tracks. The eluate from the positive slice, which was 
injected into the left eye, produced a slit-like narrowing of the pupil, whereas 
that from the negative side, injected into the right eye, had no effect. The 
photograph in Fig. 9 was taken 10 min after the ‘positive’ injection; the pupil 
remained too narrow for measurement for over 30 min and was only 1-5 mm 
after 60 min and 3 mm after 100 min. 


Right Left 


Fig. 9. Cat, 3 mg/kg atropine 1.v. Pupils after injection of =2-9 mg of irin, purified by electro- 
phoresis, into the left anterior chamber, and of an equal volume of eluate from an inactive 
region of the electrophoresis paper into the right anterior chamber. The injections were made 
into the left eye 10 min, and into the right eye 13 min, before the photograph was taken. 
For details see text, ' 


In further experiments irin was purified electrophoretically for tests on the 
guinea-pig’s ileum preparation. Watery extracts were first partially purified by 
ether and acetone treatment and then purified by electrophoresis in bulk on 
wide paper. The location of the active region was determined by a pilot assay, 
on the rat colon, of a marginal sliver of the paper. The bulk of the irin activity 
was then eluted with de Jalon’s fluid from the active region, which was between 
+3 and +5 (uncorrected). The eluate produced strong contractions of the 
guinea-pig’s ileum, which were not abolished by atropine. In fact in one 
experiment atropine (2 x 10-* and 2x 10-) greatly potentiated the response 
to the eluate, but in three others it was slightly depressed, as were also responses — 
to histamine; the concentration of atropine used in these experiments varied 
between 2x and 2x 10-*. The irin contractions persisted after mepyr- 
amine was administered in concentrations of 2 x 10-*, which were adequate to 
abolish equally strong or stronger histamine contractions. Fig. 10 shows the 
effect of 0-25 ml. (matched, before mepyramine, by 0-02 yg histamine) and of 
0-5 ml. of eluate on the atropinized mepyramine-treated preparation. The 
effect of these doses of eluate corresponded to that of =2-5 and =5 mg of iris, 
a8 shown by a comparison with the effects of a crude extract (partially purified 
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by ether and acetone treatment), so that 1 ml. of eluate corresponded to = 10 mg 


of iris. There was no sign of tachyphylaxis or desensitization to irin over — 


several hours. 

The finding that the guinea-pig’s ileum responds to irin in the presence of 
atropine and mepyramine has to be taken into consideration when assaying 
tissue extracts either for histamine, on the atropinized preparation, or for 
acetylcholine (in the presence of mepyramine alone) or for substance P and 
bradykinin, in the presence of atropine and mepyramine. Should irin be 
present in such tissue extracts false values may be obtained in assays of these 
substances. 


Hist Iris extract Hist ACh Electroph. irin 
mg=5 mg 0-25 mi. 0-5 mi. 
Fig. 10. Guinea-pig terminal ileum suspended in 5 ml. bath at 30° C in atropine 10~’ and mepyr- 
amine 2 x 10-*, Responses to an iris extract purified by ether and acetone (B and (), and to 
electrophoretically purified irin (F and G). At A and D, histamine (Hist) and at Z, ACh. 


DISCUSSION 

The present investigation arose out of a study of the prolonged, atropine- 
resistant, spasm of the sphincter iridis which occurs in rabbits on mechanical 
stimulation of the trigeminal nerve (Bernard, 1858; Maurice, 1953) or of the 
iris proper (Duke-Elder & Duke-Elder, 1931). The possibility was envisaged 
that this spasm was the effect of a smooth-muscle stimulating substance 
released from the trigeminal nerve when stimulated antidromically or, as in 
the experiments of Duke-Elder & Duke-Elder, when the iris itself was stroked, 
the effect then being the result either of an axon reflex or of local injury. The 
first step towards testing this possibility was to find out whether iris extracts 
contained such a substance, the release of which could account for the observed 
spasm. The present experiments show that this is so. 

Rabbit iris contains a substance which strongly contracts various smooth- 
muscle preparations commonly used for the assay of active tissue constituents, 
and the contractions are resistant to atropine. On the sphincter pupillae this 
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substance produced a prolonged spasm, as was shown when iris extracts were 
injected into the anterior chamber of cats or rabbits, or tested on isolated 
preparations of the ox sphincter iridis. The experiments described in this 
paper are confined to the characterization of this substance. They show that 
the substance is different from other known smooth-muscle stimulating 
substances found in tissue extracts and that it is acidic in nature. To this 
substance the name irin has been given. 

A number of acidic substances with smooth-muscle stimulating properties 
are known. Further experiments are in progress to distinguish irin from these 
substances and the problem whether release of irin is the cause for the spasm 
of the sphincter iridis on antidromic stimulation of the trigeminal nerve or of 
the iris proper will be dealt with elsewhere. 


SUMMARY 

1. Watery extracts of rabbit iris contain a pharmacologically active sub- 
stance, irin, capable of contracting iridial and intestinal smooth muscles. The 
histamine-insensitive rat colon preparation has been used for the routine 
estimation of irin; it is capable of detecting the activity corresponding to 
(=) 0-25-1 mg of iris. 

2. Unlike choline esters, irin is not antagonized by atropine; on the colon 
it is in fact potentiated. Irin differs from acetylcholine in its ability to contract 
the ox sphincter pupillae, which is rather insensitive to acetylcholine (up to 
10 pg). 

3. Unlike 5-hydroxytryptamine (5-HT), irin is not antagonized by lysergic 
acid diethylamide. Irin differs further from 5-HT in its action on the ox 
sphincter, which is insensitive to 5-HT. On the other hand, the atropinized 
rat uterus, which is very sensitive to 5-HT, does not react to irin, tested in 
doses of upto =10mg. On this preparation iris extracts augment the response 
to 5-HT and to bradykinin. © 

4. Irin differs from bradykinin and from substance P not only by the fact 


that the rat uterus is insensitive to it, but also in its solubility in acetone and in 


chloroform, in its resistance to chymotrypsin digestion and in Ry value. 

5. Irin has been purified 100 x by treating watery extracts with 20 vol. of 
acetone and re-extracting the acetone-soluble, dried, fraction with chloroform. 

6. Irin behaves as a weak acid on partition between water and chloroform; _ 
it is retained by alkali in the watery phase but driven by acid into the chloro- 
form. It migrates towards the anode on paper electrophoresis. 

7. Electrophoretically purified irin contracts the rat colon and the guinea- 
pig ileum, and causes prolonged spasms of the ox sphincter pupillae and of the 
cat iris, 

It is a pleasure to record my indebtedness to Dr W. Feldberg, F.RS., for considerable help with 


the manuscript of this paper, and to Dr A. M. Woodin for the loan of the electrop PP : 
9. 
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THE OCCURRENCE AND FUNCTION OF COLLATERAL 
SPROUTING IN THE SYMPATHETIC NERVOUS 
SYSTEM OF THE CAT 


By J. G. MURRAY* anv J. W. THOMPSON 


From the Department of Pharmacology, Royal College of Surgeons, 
Examination Hall, Queen Square, London, W.C. 1 
(Received 30 August 1956) : 
It is now established that surviving axons in incompletely denervated striated 
muscle extend their existing fields of innervation by a process of collateral 
sprouting, thereby accounting for the functional recovery which occurs (for 
review see Edds, 1953). A similar process also occurs in skin partly deprived 
of its sensory nerve supply (Weddell, Guttmann & Gutmann, 1941). Although 
the phenomenon has not been directly observed in the sympathetic nervous 
system, there is evidence of remarkable recovery of function after incomplete 
denervation (Simeone, Cannon & Rosenblueth, 1938; Geohegan & Aidar, 1942). 
In the present work, partial denervation of the superior cervical ganglion 
in the cat was performed by severing rami communicantes from their respec- 
tive thoracic nerves. Subsequently, sprouts arise within the ganglion from the 
remaining intact preganglionic fibres and form synapses with ganglion cells 
denervated by the preliminary operation. This spatial increment in the field of 
innervation of the remaining preganglionic fibres results in an almost complete 
functional recovery of the ganglion even when as many as 90% of the fibres 
have been divided. Experiments have been performed so as to correlate the 
histological and functional changes within the ganglion, including the time 
course of the sprouting process and its effect on the acetylcholine release, 
electrical and pharmacological responses. It seems most likely that under 
similar conditions post-ganglionic fibres also respond by collateral sprouting. 
The factors responsible for the efficiency of the sprouting process in the 
sympathetic nervous system are discussed. A preliminary account of this work 
has already been published (Murray & Thompson, 1956). 


* Holder of M.R.C. Clinical Research Fellowship. 
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METHODS 


Adult cats were used throughout the experiments. All preliminary operations were carried out 
with full aseptic precautions under pentobarbitone sodium anaesthesia (Nembutal, Abbott 
Laboratories, 40 mg/kg intraperitoneally). The chest was opened under artificial positive pressure 
respiration. The superior cervical ganglion on the right side was partially denervated by severing 
the first, second and third rami communicantes from their respective thoracic nerves (T 1, T 2 and 
T3) to the stellate ganglion and thoracic sympathetic chain. Both white and grey rami were 
divided, and in order to minimize the possibility of regeneration at these sites the divided ends 
were separated by at least a centimetre. 
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Text-fig. 1. Diagram of the experimental lesions of the nerves, levels at which they were 
stimulated, and the origins of some of the preganglionic fibres. 


Subseg” at experiments, performed at varying intervals after the preliminary operation, were 
carried out in most cases under ether followed by chloralose anaesthesia (80 mg/kg); the remainder, 
under pentobarbitone sodium (40 mg/kg), showed no significant difference when the results were 
compared. With the animal on artificial respiration the chest was opened and the thoracic 
sympathetic trunk divided caudad to T5 and the rami communicantes to T4 and T5 cut. The 
sympathetic chain below T3 was then mobilized and placed on electrodes so that all fibres contri- 
buting to the sympathetic chain by T4 and thoracic nerves caudad to that level were stimulated. 
Electrodes were placed at corresponding positions on the partially denervated and normal sides 
(Text-fig. 1); the nerves were immersed in liquid paraffin and precautions were taken to prevent 
stimulus spread. The cervical sympathetic trunks were later divided and the cranial ends stimu- 
lated. Platinum wire electrodes were used, carrying supramaximal square wave stimuli of 0-5 msec 
duration at frequencies from 1-100 c/s. 

In some animals intermediate recordings were made between the preliminary operation and the 
final experiment. Under pentobarbitone sodium anaesthesia and with aseptic precautions, about 
3 cm of cervical sympathetic trunk was dissected free on the operated and control sides. The 
cervical sympathetic trunks were stimulated in continuity, with sterile electrodes. The wounds 
were then sutured, and after varying survival periods the animals were killed. By this means 
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were made at different times in the same animal on the return of function of the 
partially denervated ganglion. 

The responses of the superior cervical ganglia to electrical stimulation applied simultaneously 
to the preganglionic trunks on the two sides were studied. K ymograph recordings of the contrac- 
tions of both nictitating membranes with levers at 6} times magnification were obtained. By 
means of small springs attached to the levers any shortening of the nictitating membranes was 
made to act against the springs. Considerably better discrimination between small differences in 
contraction of the nictitating membranes was obtained by this method than by isotonic levers. 
Before each experiment the levers were calibrated and the springs adjusted so that equal tensions 
gave equal heights on the kymograph recordings on the two sides. It was found that by loading 
the nictitating membranes on the two sides with an initial 4-5-4-8 g tension, satisfactory responses 
were obtained. The stimulating circuits on the two sides were independent. 

The size of the pupils on the normal and operated sides was measured before and after pre- 
ganglionic nerve stimulation. Under standard bright light conditions the pupils on both sides 
took up a narrow elliptical form. Any change in the narrow diameter was measured by means of 
callipers. 

Simultaneous tracings were made of the contractions of the nictitating membranes to a series of 
doses of different drugs injected into the femoral vein. Doses of adrenaline hydrochloride, nor- 
adrenaline hydrochloride, acetylcholine chloride, hexamethonium iodide, nicotine tartrate, 
tetramethyl-ammonium iodide and eserine sulphate are given in terms of these salts. In addition, 
to avoid systemic effects, some of the drugs were given by retrograde injection into the carotid 
artery, the method used being similar to that described by Paton & Perry (1953), with the excep- 
tion that a self-sealing rubber and glass cannula was used in place of a remote control ‘ bulldog’. 

Ganglion action potentials were recorded in response to stimulation of the preganglionic fibres 
in the chest and in the neck with single maximal volleys on the normal and operated sides. The 
exposure of the ganglion and the method of recording were similar to those described by Paton & 
Perry (1953), the only major difference being the position of the ganglionic electrode; this was 
placed round the middje of the body of the ganglion instead of the upper pole since this was found 
to diminish the stimulus artifact. ; 

Perfusion of normal and partially denervated ganglia was performed by the technique described 
by Kibjakow (1933), Feldberg & Gaddum (1934) and F. C. MacIntosh (unpublished), using 
Locke’s solution containing 2 x 10-* eserine. The ACh in the perfusate was assayed on the blood 
pressure of an eviscerated eserinized cat or on the prostigminized, morphinized ileum of the 
guinea-pig (W. D. M. Paton, personal communication). 

After completion of the functional tests the superior cervical ganglia on the normal and operated 
sides, together with lengths of cervical trunks, were removed for histological examination. One 
part of each cervical trunk was stained by the pyridine-silver method described by Ranson & 
Davenport (1931) which stains all axons, both myelinated and unmyelinated. The other part was 
stained by the Weigert technique which stains myelinated fibres only. Counts of the total number 
of axons present in pyridine silver sections were made with a binocular microscope at a magnifica- 
tion of 1200 diameters. A graticule was placed in one eyepiece and the counts made section by 
section until the whole area of the nerve was counted. For study of myelinated fibres, the Weigert 
sections were photographed at a magnification of 750 directly on bromide paper and the fibres 
counted and their outside diameters measured. Details of the above methods of staining and count- 
ing are described by Evans & Murray (1954). The ganglia were fixed in # solution containing 10% 
formalin and 2% pyridine for a minimum of 14 days. Each specimen was cut into as many 
sections of 30m as possible. All suitable sections were stained by the Bielschowsky silver impregna- 
tion technique (PI. 1, fig. 1). 
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RESULTS 
Number, size, function and origin of preganglionic fibres to the superior 
cervical ganglion 

The total number of axons remaining in the cervical sympathetic trunks of 
three cats, after the first three rami had been divided and 20, 49 and 50 days 
allowed for fibres to degenerate, were 1179, 1448 and 1377. Of these 635, 582 
and 542 were myelinated fibres, practically all about 2. or less in diameter; the 
remainder were unmyelinated. Foley & DuBois (1940) have shown that the 
total number of axons in the normal cervical sympathetic trunk of the cat is 
about 7000 (7407 + 1250 (8)) of which almost 50% are myelinated (3690 + 846 
(8)) and the rest unmyelinated. The sizes of the myelinated fibres are approxi- 
mately as follows: 5°% about 6p in diameter, 50% about 4 and the remainder 
about 2y or less (De Castro, 1951). The results suggest that the first three rami 
contribute about 80-90%, of the fibres in the cervical sympathetic trunk and 
the remaining rami from T4, 5, 6, and 7 (Langley, 1900; De Castro, 1951) 
contribute only about 10-20% of the total. It is clear that the large fibres are 
contained in the first three rami. In none of the specimens counted was there a 
significant vagal or aortic nerve fascicle within the sympathetic trunk (Foley, 
1945; Agostoni, Chinnock, Daly & Murray, 1957) and the discrete fascicles 
from the superior cervical ganglion (Foley, 1945) were excluded from the 
counts. However, post-ganglionic axons, predominantly unmyelinated, rome 
projecting caudally from the superior cervical ganglion, others passing cranially, 
form about 10% of the total number of fibres in the normal cervical sympa- 
_ thetic trunk (Foley, 1945) and cannot be distinguished in the present counts 
from preganglionic fibres. This fact would tend to lower the estimated number of 
preganglionic fibres contributed by the rami caudad to T3 and suggests that the 
true figure isabout 10 % orslightly less of the total number of preganglionic fibres. 

By using different thresholds of stimulation the findings of Bishop & Hein- 
becker (1932) were confirmed. They showed that the larger fibres in the cervical 
sympathetic activate ganglion cells which are distributed to the nictitating 
membrane and pupil, whereas the smaller fibres are concerned with vaso- 
motor and pilomotor functions as well. It is known that preganglionic fibres of 
these size groupings are normally in functional relationship with their own 
groups of ganglion cells (Eccles, 1935). 

By stimulating individual rami in the chest and recording the magnitude of 
' the nictitating membrane contractions, it was shown that the great majority 
of preganglionic fibres for the nictitating membrane arise from T1, T2 and 
T3, about equally from each, to a much less extent from T4 and T5 and very 
few from T6 and T7 (Text-fig. 1). Indeed, stimulation of T1, T2, or T3 
individually gave a greater response than T4, T5, T6 and T7 together. The 
pupillo-dilator fibres arise mainly from T1 and T2 and to a much less extent 
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from T3. Inno case was there dilatation of the pupil on stimulation caudad to 
T3. No significant difference in the distribution or function of preganglionic 
fibres from the thoracic nerves was found on the right as compared with the left 


side. These results agree largely wjth the findings of Langley (1900) and De 
Castro (1951). 


Responses of the partially denervated ganglion 
The results in this section were obtained in the late stages, 4 weeks or longer 
after partial denervation of the superior cervical ganglion on one side by 
section of the first three rami communicantes. Text-fig. 2 shows the responses 
of the nictitating membranes (a) on the right side, on which the rami had been 
divided 49 days previously, and (5) on the left (control) side. Approximately 
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Text-fig. 2. The responses of the nictitating membranes on (a) the operated side, on which rami 
T 1-3 had been divided 49 days previously, and (b) the normal side. T4~-7 on both sides stimu- 
lated simultaneously. The contractions of the nictitating membranes on the two sides to 1.v. 
adrenaline and noradrenaline are also shown. [In all kymograph recordings, the smaller 
responses are due to 4 maximal stimuli at 1 c/s repeated every min and the larger at 10 c/s 
continuously for 1 or 2 min. Throughout the recordings, a scale in g of the tensions exerted by 
the nictitating membranes on the two sides is given. A scale in cm is also given to indicate 
the magnification of the responses. Time scale throughout 60 sec.] 


equal numbers of preganglionic fibres were stimulated with electrodes placed at 
corresponding positions on the thoracic trunks just caudad to T3 on the 
two sides (Text-fig. 1). By this means the preganglionic fibres from T4~7, or 
about 10% of the total number of fibres to the cervical trunks, were stimulated 
on the two sides. The responses of the nictitating membrane on the partially 
denervated side were several times greater than those on the normal side. 
The increased responses are not due to a peripheral sensitization of the effec- 
tor organ on the operated side, since the simultaneously recorded contractions 
of the nictitating membranes on the two sides to 1.v. adrenaline or noradrena- 
line gave practically equal results (Text-fig. 2). The comparison was made at 
various dose levels and parallel and coincidental dose-response curves were 
obtained in the majority of cases. Stimulation of the post-ganglionic trunks on 
the two sides gave practically equal contractions of the nictitating membranes. 


Z 
~ 
7) 
105 
| 
g 
t 
q 
4 
4 
1 
¢. - 


138 J. G. MURRAY AND J. W. THOMPSON 


It may be concluded that some mechanism within the superior cervical gang- 
lion itself is responsible for the increased responses. This agrees with the find- 
ings of Simeone et al. (1938). 

An important indication of the mechanism responsible for the increased 
effects of the partially denervated ganglion was obtained when it was observed 
that the pupil dilated fully on stimulation of the operated side caudad to T3. 
In contrast, there was no dilatation of the pupil on similar stimulation on the 
control side, since the pupillo-dilator fibres normally arise from T1, T2 and to 
a less extent T3. This indicates that the remaining intact preganglionic fibres 
on the partially denervated side now activate post-synaptic elements with 
which they are not normally in contact. 

There are several possible means which might interact one with another 
whereby such a process could occur. It may be that the ganglion cells within 
the superior cervical ganglion have become hypersensitive to ACh released 
within the ganglion. In the late stages this is not so. The simultaneously re- 
corded contractions of the nictitating membranes on the operated and normal 
sides show practically equal responses to a series of small 1.v. doses of nicotine 
(0-01-0-1 mg/kg) or TMA (0-01-0-1 mg/kg). Furthermore, intra-arterial 
injections of ACh, nicotine, or TMA into the carotid arteries on the normal and 
partially denervated sides produce practically equal contractions of the 


nictitating membranes on the two sides. The doses of ACh injected 1.4. 


included those at the lower end of the dose response curve (1—10yg). 

A second possible explanation would be that the ACh released by stimulation 
of 10% of preganglionic fibres is more effective within 4 partially denervated 
ganglion than in a normal ganglion. It might be that the ACh diffuses more 
readily or is less effectively broken down. Thirdly, it might be that the remain- 
ing intact preganglionic fibres on the partially denervated side have increased 
their field of innervation anatomically by means of collateral sprouting. The 
experiments to be described throw light on these possibilities. 


Time course of return of function of the partially denervated ganglion 

In order to assess the degree of return of function of the ganglion at varying 
times after section of the first three rami, the responses on stimulation of the 
thoracic trunk caudad to T3 on the operated side were compared with those on 
stimulation of the whole of the cervical sympathetic on the normal side (Text- 
fig. 1). The results obtained could be grouped into early, intermediate and late 
stages after denervation. 

Text-fig. 3 shows the responses of the nictitating membrane on the operated 
side 28 days after division of the first three rami and on the normal side. They 
are practically identical, although the number of preganglionic fibres stimu- 
lated on the operated side is only about 10% of that on the normal side. There 
was no evidence of hypersensitivity of the nictitating membrane on the partially 
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denervated. side to 1.v. adrenaline or noradrenaline. Stimulation of the post- 
ganglionic trunks on the two sides gave practically equal results. The pupil on 
the operated side dilated as fully as on the normal side and showed no fatigue 
on continuous stimulation at 10 c/s. Similar results were obtained in all the 
animals tested in the late stages at 28, 38, 40, 49, 50 and 130 days respectively 
after section of the rami. They indicate that at 4 weeks or later after operation 
there is a complete return of function. 

In contrast to the results in the late stages, a typical example of the responses 
of the nictitating membrane in the early stages (4-5 days) is shown in Text- 
fig. 4. The size of the contractions on the partially denervated side, although 
slightly greater than those on stimulation of T4—7 on the normal side, is still 
appreciably less than on stimulation of the whole of the cervical sympathetic 


60 sec T mg/kg 
hex. 


Text-fig. 3. Simultaneously recorded responses of nictitating membranes: upper, operated side 
(rami T1-3 divided 28 days previously); lower, normal side. (a) T4-7 on operated side and 
whole of cervical sympathetic trunk on normal side stimulated—effect of hexamethonium 
1 mg/kg 1.v.; responses to 1.v. adrenaline (b) and noradrenaline (c). 


on the normal side. There is at this stage some increased sensitivity of the 
nictitating membrane on the operated side to adrenaline and noradrenaline 
(Text-fig. 4). In none of the animals at this early stage was there dilatation of 
the pupil on stimulation of the operated side. The results were obtained in one 
animal at 4 days and in three at 5 days after operation. In two of the animals 
the cervical sympathetic trunk was stimulated in continuity under sterile con- 
ditions on the operated and normal sides. After completion of the functional 
tests, the operation site was resutured and final experiments performed 28 and 
49 days later. This permitted observations to be made in the same animals 
at the early and late stages. | 

Between the contrasting results of the early and late stages, there was an 
intermediate group occurring at 10, 14, 15, 18 and 20 days after partial 
denervation. Text-fig. 5 shows the response of the nictitating membrane at 
18 days after operation. The contractions of the nictitating membrane were 
considerably larger than those on the normal side, despite the fact that only 
10°/, of the number of preganglionic fibres were stimulated on the operated 
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side as compared with the normal side. The increase in size of contractions was 
particularly marked at the slower rate of stimulation. At this intermediate 
stage there was a marked hypersensitivity of the nictitating membrane to I.v. 
adrenaline or noradrenaline. Furthermore, stimulation of the post-ganglionic 
trunk on the operated side gave increased responses of the nictitating mem- 
brane, especially at the slower rate of stimulation, as compared with the normal 
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Text-fig. 4. Simultaneously recorded responses of nictitating membranes: upper, operated side 
(rami T 1-8 divided 5 days previously); lower, normal side. (a) T4~—7 on operated side and 
whole of cervical sympathetic trunk on normal side stimulated—effect of hexamethoniu 
1 mg/kg responses to adrenaline and noradrenaline (c). 


60 sec T mg/kg 30 ug 100 ug 
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Text-fg. 5. Simultaneously recorded responses of nictitating membranes: upper, operated side 
(rami T 1-3 divided 18 days previously); lower, normal side. (a) T4~7 on operated side and 
whole of cervical sympathetic trunk on normal side stimulated; effect of hexamethonium 
1 mg/kg 1.v.; responses to 1.v. adrenaline (6), and noradrenaline (c). 


side. Another distinctive feature of the intermediate stage was partial dilata- 
tion of the pupil on stimulation of T4~7 on the operated side. At 10 days after 
operation the pupil dilated from a resting diameter of 2 to 4 mm, whereas at 
18 days the pupil dilated from 1 to 7 mm. In both cases the response showed 
fatigue, the size decreasing fairly rapidly after 10-20 sec on continuous stimu- 
lation at 10 c/s for 2 min (Text-fig. 6). 
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Text-fig. 7@ shows the degree of increased sensitivity of the nictitating 
membrane to 100mg of poradrenaline 1.v. by expressing the size of the contrac- 
tion on the operated side as a percentage of the simultaneously recorded re- 
. sponse on the normal side, at varying times after partial denervation. In the 
early stages there is some degree of hypersensitivity of the nictitating mem- 
brane on the operated side. This hypersensitivity reaches a maximum within 
the third week after operation, but by 4 weeks or later has almost disappeared. 


ar 
28 days 
10 
Ee 


i L i j 
20 40 60 80 «120 
Time (sec) 
Text-fig. 6. Size of pupil at different times after operation on continuous stimulation of T 4-7 
at 10 c/s; rami T 1-3 divided 5, 18 and 28 days previously. 


Text-fig. 6 gives typical examples of dilatation of the pupil on stimulation of 
14-7 on the operated side at early, intermediate and late stages. Text-fig. 7b 
shows the time course of increase in dilatation of the pupil on stimulating 
the operated side. This pupillary response is a convenient measure of the process 
whereby the remaining preganglionic fibres progressively activate ganglion 
cells with which they previously did not form synapses. It is difficult to see 
how a time course such as this could result from a more ‘efficient’ diffusion of 
ACh within the ganglion resulting from partial denervation. Nor is it likely 
that a lowered level of cholinesterase plays a significant part in the eventual 
return of function of a partially denervated ganglion. Sawyer & Hollinshead 
(1945) and Koelle (1950) have shown that the activity of the true or specific 
cholinesterase in the superior cervical ganglion of the cat falls maximally with- 
in 10 days of a lesion of the preganglionic trunk. Text-fig. 7c shows that there 
is an increase with time in the magnitude of contraction of the nictitating 
membrane on the operated side on stimulation of T4~7. In the late stages, the 
responses on stimulation of the remaining 10% of preganglionic fibres equal 
those on stimulation of the whole of the cervical trunk on the normal side. The 
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distinctive feature, however, is that at the intermediate stage the responses on 
the operated side are much greater than those on the normal side. 


Days after operation Days after operation 
Text-fig. 7. Time course of recovery of function after section of rami T 1-3; (a) the degree of sensi- 

tivity of the nictitating membrane to noradrenaline 100 ug 1.v. expressed as the size of the con- 
traction on the operated side as % of that on the normal; (b) thesize.of the pupil on the operated 
side 30 sec after beginning continuous stimulation of T4~7 at 10 o/s expressed as % of that on 
then lside on stimulation of the whole of the cervical trunk; (c) the size of the contraction 
of the nictitating membrane on the operated side on stimulation of T4—7 at 1 o/s for 4 sec 
expressed as % of that on stimulation of the whole of the cervical trunk on the normal side; 
(d) the relative efficiency of the blocking effect of hexamethonium by plotting 100 - X, where 
x- height of nictitating membrane contraction after C* 
height of nictitating membrane contraction before C* 
The height of the nictitating membrane on the operated side was measured 1 min after begin- 
ning continuous stimulation of T4~7 at 10 c/s and on the normal side on stimulation of the 
whole of the cervical trunk (points joined by broken line represent results obtained from two 
different experiments). 


x 100. 


Hypersensitwity of smooth muscle and ganglion cells 
Simeone (1937) has shown that with re-innervation of the superior cervica! 
ganglion after a lesion of the cervical sympathetic trunk in the cat, there is a 
_ concomitant disappearance of the hypersensitivity of the nictitating membrane 
on that side. In order to find out whether hypersensitivity of the denervated 
nictitating membrane persists if re-innervation is prevented, the following 
experiment was performed. On the right side, the cervical sympathetic trunk 
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was divided, but the two ends were held in close apposition by means of 
clotted plasma (Seddon & Medawar, 1942). On the left side, the nictitating 
membrane was denervated as completely as possible by excising the stellate 
and superior cervical ganglia. The nodose ganglion and a length of vagus were 
also removed since sympathetic fibres may travel by that route (Agostoni et al. 
1957). Stimulation of the cervical sympathetic trunks showed that regenera- 
tion was complete on the right side, but there was none on the left. Text-fig. 8 
gives the dose-response curves of the nictitating membranes to 1.v. adrenaline 
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Text-fig. 8. Dose-response curves of contractions of nictitating membranes to I.v. doses of 
(a) adrenaline, and (b) noradrenaline. Seventy days previously, right nictitating membrane 
completely denervated, @ ; and left preganglionic trunk divided, but allowed to regenerate, ©. 


and noradrenaline 70 days after operation. Comparison with dose-response 
curves from other animals confirms that hypersensitivity of the nictitating 
membrane disappears on re-innervation of the ganglion, but remains, 
apparently indefinitely, if re-innervation is prevented. In our experiments 
there was no demonstrable diminution in hypersensitivity of the nictitating 
membrane even 290 days after complete denervation. 

The disappearance of hypersensitivity of the nictitating membrane in the 
late stages after partial denervation is not due to the outgrowth of axons 
from the divided rami T1-3. Comparison of the numbers of fibres in the cervi- 
cal trunk 10 cm from the divided rami 20 days after section, i.e. before axon 
tips could have grown as far as that (Butson, 1950) and at 49 and 50 days after 
section, indicates that there is little or no regeneration of axons from the divided 
rami to the superior cervical ganglion within the times tested. | 

Although there is no evidence of hypersensitivity of ganglion cells in the late 
stages after partial denervation, this is not so at the intermediate stage. Text- 
fig. 9 shows the dose-response curves to 1.v. adrenaline and noradrenaline of 
the nictitating membranes in a cat in which the first three rami on the right 
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side had been divided 15 days previously. In the same animal, dose-response 
curves of the nictitating membranes to 1.4. ACh acting on the right and left 
ganglia were also obtained. From these two sets of data, the doses of 1.v. 
adrenaline or noradrenaline and 1.4. ACh which gave equal contractions of the 
nictitating membranes on the normal and operated sides were plotted (Text- 
fig. 10). They show that when correction has been made for peripheral hyper- 
sensitivity, the ganglion cells on the operated side require less ACh than those 
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Text-fig. 9. Dose-response curves of contractions of nictitating membranes to 1.v. doses of 
(a) adrenaline and (b) noradrenaline: rami T 1-3 divided 15 days previously on right side (@); 
left side control (QO). 
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Text-fig. 10. Graphs showing the doses of 1.4. ACh and 1.v. adrenaline (a) and noradrenaline 
(6) required to produce equal contractions of the nictitating membrane: same animal as in 
Fig. 9; right side, T1-3 cut 15 days previously (@), left side control ( x ). 
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on the normal side for a given effect. However, we were unable to demonstrate 
any hypersensitivity of the ganglion cells on the operated side to 1.4. TMA.. 
Eserine, 25g 1.a. on the partially denervated side, further increased the 
sensitivity of the ganglion cells to 1.4. ACh but not to TMA. It may be that 
a lowered cholinesterase level at the intermediate stage plays a part in the 
hypersensitivity of ganglion cells to ACh. 


Effect of varyung the degree of denervation of the ganglion 

In three.animals, only the first and second rami communicantes were divided. 
42, 53 and 55 days later experiments similar to those after division of T1-3 
were carried out. The number of fibres remaining in the cervical trunk on the 
operated side of one animal was 3147. Of these, 1248 were myelinated, a con- 
siderable number being about 4 in diameter and a few as large as 6. Thus 
about 40% of the preganglionic fibres to the superior cervical ganglion re- 
mained after division of Tl and T2 and some of these were of the larger 
myelinated type. 


CO 


100 
Text-fig. 11. Responses of nictitating membranes: upper, operated side (rami T 1~2 divided 55 days 
previously), lower, normal side. (a) Thoracic sympathetic trunk caudad to T3, and (b) caudad 
to T 2 stimulated; (c) trunk caudad to T 2, and (d) whole cervical trunk stimulated: responses 
to 1.v. adrenaline and noradrenaline also shown. 


Text-fig. 11 gives the results 55 days after section of T1 and T2. Stimula- 
tion of the thoracic trunk caudad to T3 on the operated side, i.e. 10% of pre- 
ganglionic fibres, gave smaller responses than stimulation caudad to T2, i.e. 
40% of preganglionic fibres. The latter gave almost identical results when 
compared with stimulation of the whole of the cervical trunk on the normal 
side. Thus the responses to stimulation of 10% of the fibres is greater after 
90% (T 1-3) of the total number have been divided than after 60% (T1-2). 
There was no demonstrable hypersensitivity of the nictitating membrane or 
ganglion cells on the operated side. In all animals stimulation caudad to T2 
on the operated side produced full dilatation of the pupil as compared with 
stimulation of the cervical trunk on the normal side. In one animal full 
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dilatation of the pupil was obtained on stimulation caudad to T3 on the 
operated side, but in the other two there was only partial dilatation. In none 
of these instances was there fatigue of the dilated pupil on continuous stimula- 
tion for 2 min at 10 c/s. 

The results indicate that there is a relatively greater improvement in return 
of function the greater the degree of original denervation, and is in keeping with 
the results in partially denervated muscle (Van Harreveld, 1945; Weiss & 
Edds, 1946). However, there appears to be a limit to the process. In one 
animal, T1—5 were divided on one side. Fifty-five days later functional tests 
were carried out and the number and size of fibres remaining in the cervical 
trunk on the operated side counted. The number of axons was 788, of which 
only 82°were myelinated, all 2, or less in diameter. These counts suggest that 
the number of preganglionic fibres arising from T6 and T7 is probably about 
1% of the total number of preganglionic fibres in a normal cervical trunk. 
Stimulation of the operated side caudad to T5 produced considerably greater 
effects than similar stimulation on the normal side, but appreciably smaller 
responses than stimulation of the whole of the normal cervical trunk. In 


addition, there remained a marked hypersensitivity of the nictitating mem-— 


brane on the operated side to 1.v. adrenaline and noradrenaline. The pupil on 
the operated side dilated from 2 to 7 mm at 5 sec after the beginning of con- 
tinuous stimulation at 10 c/s, but decreased to 5 mm at 10 sec afterwards and 
remained at 5 mm for the rest of the 120 sec stimulation. 
Electrical recordings 

Text-fig, 12a shows the action potential recorded from a normal superior 
cervical ganglion on stimulation of the preganglionic cervical sympathetic 
trunk, including the slow negative and positive after-potentials as described by 
Eccles (1935). The 81 wave takes off from the stimulus artifact and immedi- 
ately merges into 82 and 83, to be followed by the smaller and separate 84, 
which leads into the slow negative and positive after-potentials. The 82 and 
83 spikes are not separate in this recording; calculation of the conduction 
velocities shows that the second discrete spike is due to 84 fibres so that the 
first spike is presumably due to fibres of 82 and 83, whilst the rising limb up to 
the point of inflexion represents the 81 component. In comparison, Text-fig. 
126 shows the action potential of the same ganglion obtained on stimulation 
of T4~7 in the chest. As a result of activating only 10% of the preganglionic 
fibres the action potential is considerably smaller, consisting of two small 
spikes followed by a slow positive after-potential. In the example shown, the 
first spike (about 20% height of normal $2), occurs after a latency of 20 msec 
(measured on faster sweeps) to be followed by the second and smaller spike with 
a latency of 80 msec. The nerve fibres belonging to the first: group of cells had 
a lower threshold than those belonging to the second group. Furthermore, 
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measurement of the conduction velocities (by recording from the reganglionic 
trunk just below the ganglion) showed that the pre group of fibres had a 
velocity of 8-10 m/sec, whilst impulses in the slower group travelled at 0-6- 
1-0 m/sec. These fibres can therefore be identified with the 83 and 84 groups of 
Eccles (1935). 


Text-fig. 12. Action potentials recorded from superior cervical ganglion. (a) Normal ganglion; 
stimulation of cervical trunk, showing spikes followed by slow after-potentials. (6) Normal 
ganglion; stimulation of rami T4~7 only, showing two spikes 83 and 84 followed by after- 
positivity; (c) partially denervated ganglion, T 1-3 cut 70 days previously ; stimulation T4-7 

showing two spikes P 1 and P 2 followed by after-positivity. Note that S3 and 84 in (5) and 
P1 and P?2 in (c) coincide. Time scale 20 msec. s.a. =stimulus artifact. 


Similar experiments were repeated in cats in which T 1-3 had been divided 
at least 70 days previously. At similar amplification, stimulation of T4~7 
in the chest now produced a ganglion action potential of a magnitude com- 
parable with that obtained from a normal ganglion on stimulation of the entire 
preganglionic cervical sympathetic trunk (Text-fig. 12c). It differed, however, 
in possessing only two spikes, which we may call P1 and P2, the second being 
smaller than the first. In the particular experiment shown in Text-fig. 12c, 
P1 had a latency of 12 msec, and P2 of 80 msec (measured on faster sweep 
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normal action potential on stimulation of the pregamglionic cervical sympa- 
thetic in the neck (cf. Text-fig. 12a), but are comparable with the latencies of 
the much reduced action potential obtained on stimulation of T 4~7 im the chest 
of a normal cat. Indeed, it is evident that the two spikes in Text-fig. 12 (6 and 
c) almost exactly coincide. Furthermore, the conduction velocities for the two 
groups of fibres initiating the P 1 and P2 spikes were measured and found to be 
10-6 and 1-75 m/sec respectively. These values are of the same order as the S83 
and 84 groups, previously mentioned. It appeared that the two remaining 
groups of fibres had, by the process of collateral sprouting, re-innervated the 
majority of denervated ganglion cells, reorganizing them into two new groups. 


Text-fig. 13. Action potentials Ofsuperiorcervica| ganglion, 1 1-3 cut 87 days previously. (a) Stimu- 
lating electrodes on cervical trunk, 4-25 em from ganglion; (6) stimulating electrodes on T4-7, 
14 cm from ganglion, Note increase in latency for both P1 and P2 spikes when electrodes 
moved away from superior cervical ganglion. Time scale 20 msec. 8.A.=stimulus artifact. 


Thus, those re-innervated by fibres from the 83 group formed the first spike 
P 1 and those by fibres from the 84 group formed the second spike P 2. That the 
two spikes represent the activity of two groups of ganglion cells innervated 
by two different groups of fibres is shown from the following results. First, the 
spikes appear at entirely different thresholds,P 1 always at a lower threshold 
than P2. Secondly, the latency for each spike agrees well with the known 
conduction velocities of the 83 and 84 groups of fibres. Thirdly, both the 
latencies and the distance between the two spikes depends critically on the 
distance of the stimulating electrodes from the ganglion (Text-fig. 13). Thus, if 
the stimulating electrodes are moved on to the cervical trunk, P1 and P2 now 
approximate, although the magnitude of the action potential does not alter 
from that obtained on stimulation of T4~7 in the chest. Calculation shows 
that the reduction of the latency for each spike is accounted for by the 
reduction of the conduction distance. 


It 
po 
nice 
(Te 
: deg 
4 A 
in t 
4 
| 
yar 
| heig 
4 | P2 
| 
| spl 
4 4 of 
mu 
wit 
} stin 
| 
cha 
& 
anc 
3 rest 
3 ul UT 
nict 
effi 
7 whi 
and 
cert 
the 
of t 


SPROUTING IN THE SYMPATHETIC SYSTEM 149 


As in the normal ganglion, ACh 100g 1.4. produces a short-lasting depolari- 
zation equal in magnitude to about half the initial spike height (Text-fig. 14a). 
It is transient and is accompanied by characteristic changes in the action 
potential. Both spikes are partially abolished and there is an alteration in 
shape due mainly to the marked reduction in the after-positivity. Likewise, 
nicotine 1.4. (Text-fig. 146) and tetramethylammonium 100yg 1.a. 
(Text-fig. 14¢) produce a depolarization of the ganglion equal to about 1} and 
2} times the initial spike height respectively, accompanied to a greater or less 
degree by the same changes in the shape of the action potential as occurs after 
ACh (Text-fig. 14 a). A tetanus of 75 c/s lasting for 10 sec and delivered to the 
fibres from T 4—7 in the chest produces a post-tetanic potentiation with increase 
in the heights of P1 and P2 together with diminution of the after-positivity 
lasting from 2 to 5 min (Text-fig. 14d). It is evident that there are no signifi- 
cant differences, in the behaviour of the electrical responses, between a 
partially denervated ganglion in the late stages and a normal ganglion. 

The action of 1.v. hexamethonium on both normal and partially denervated 
ganglia (in the late stages) was determined by measuring the depression in 
height of the S 1-3 and 8 4 spikes in,the former case and the height of the P1 and 
P2 spikes in the latter. The results are shown graphically in Text-fig. 15, using 
hexamethonium 1 mg/kg 1.v. in each instance. In the normal ganglion, the 8 4 
spike is depressed to a relatively greater degree than the 8 1-3 spike; the degree 
of block is about twice as much in the case of the 84 spike. In contrast, in a 
partially denervated ganglion, the P1 and P2 spikes are about equally depres- 
sed and the magnitude of synaptic block for a given dose of hexamethonium is 
much greater than that seen in the normal ganglion. 

Release of acetylcholine. The normal superior cervical ganglion was perfused 
with eserinized Locke’s solution and the effluent assayed for ACh. Before 
stimulation of the sympathetic chain, the effluent contained no detectable 
ACh (certainly less than 1 ng/ml.). In two normal cats the thoracic sympathetic 
chain just caudad to T3 was stimulated for 4 min at a rate of 10 c/s, producing 
a contraction of the nictitating membrane and causing the appearance of 3-5 
and 2-7 ng ACh/ml. in the effluent, with a total output of 15-9 and 16-8yg 
respectively. Similar stimulation of the whole of the cervical sympathetic 
trunk on the same side caused a much more vigorous contraction of the 
nictitating membrane with the appearance of 13 and 8 ng ACh/ml. in the 
effluent with a total output of 56-5 and 64-8 ng respectively. In three cats, in 
which the 1st, 2nd and 3rd rami communicantes had been divided for 21, 68 
and 100 days respectively, the amounts of ACh released from the superior 
cervical ganglion on the operated sides were obtained. In each case thoracic 
trunks candad to T3 were stimulated for 4 min at 10 c/s and contractions of 
the membranes on the operated side practically equalled those on stimulation 
of the whole of the cervical sympathetic on the normal side. In the first cat 


, 
4 
é 
1 
a 
7 
‘ 
4 
> 
4 
~ 


Text-fig. 14. Upper records, action potentials from superior cervical ganglion,-T 1-3 cut 87 days 
previously: lower records, arbitrary base line; an increase in the distance between the 
arbitrary base line and the action potential record represents the degree of depolarization of >} 
théganglion. Left before, right after; (a) Acetylcholine 100g 1.4. showing depolarization of 
ganglion and accompanying depression of P 1 and P 2 spikes and alteration in after-positivity ; 
(6) nicotine 50yg1.a. and (c) tetramethyl : 100g 1.4. showing similar effects. 
(@) Effects of a tetanus 75 c/s for 10 seo (T1-8 cut 70 days previously); note increase in 
height of P1 and P2 with reduction in after-positivity and hyperpolarization of ganglion. 


q 

4 stim 
| out} 
and 
vat 
T= ? whe 
| stag 
alth 
4 of fi 
| 
7 is 
| Text 

3 

bot 
{ ore 
q | her 
| 
on 
10 

gan 

an 
inv 
org: 


SPROUTING IN THE SYMPATHETIC SYSTEM 151 


stimulation caused the appearance of 7-4 ng ACh/ml. in the effluent with a total 
output of $7-5 ng, in the second there was 5-5 ng with a total output of 36 ng 


and in the third 8-4 ng with a total output of 35-7 ng. 


The results indicate that the amount of ACh released in a partially dener- 
vated ganglion is about twice as great as compared with a normal ganglion, 
when approximately equal numbers, i.e. 10% of the total preganglionic fibres, 
are stimulated. Secondly, the increase in amount of ACh released at the earlier 
stage of 21 days is as great as at the later stages of 68 and 100 days. Thirdly, 
although the responses of the nictitating membrane on stimulation of 10% 
of fibres on the operated side are as great as those on stimulation of 100% of 
fibres on the normal side, the amount of ACh released in the operated ganglion 
is only about 60% of that in the normal ganglion. 


Time (min) Tine (min) 

Text-fig. 15. Graphs showing the effects at varying times after 1 mg/kg hexamethonium 1.v. on 
ganglion action potentials: (a) normal side, stimulating cervical trunk; (b) operated side 
(T 1-3 cut 70 days previously), stimulating T4-7. Effects measured as % depression of initial 
spike heights of (2) Sd-3 and $4 and (5) Pl and P2. 


Effect of hecamethonvum 

Text-figs. 3-5 and 16 illustrate the blocking effects of hexamethonium on 
both normal and partially denervated ganglia at 5, 10, 18 and 28 days after 
operation. Text-fig. 7(d) gives the relative efficiency of the blocking effect of 
hexamethonium on the partially denervated side at different times after 
operation. In the late group of animals, hexamethonium blocked the ganglion 
on the partially denervated side much more efficiently than on the normal side 
(Text-fig. 3). The results in the earlier stages are somewhat different. At 5 and 
10 days after operation hexamethonium is relatively inefficient in blocking 
ganglionic transmission (Text-figs. 4 and 16), whilst in the later stages, 18 and 
20 days after operation, the efficiency increases (Text-fig. 5). Text-fig. 7 (a, 6 
and d) shows that the time course of the blocking effect of hexamethonium 
approximately parallels that of the functional completion of sprouts and is 
inversely proportional to that of the degree of hypersensitivity of the effector 
organs. 
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54 
1 mg/kg 100 ug 
O'sec hex. ad. nad. 


Text-fig. 16. Simultaneously recorded responses of nictitating membranes. Upper, operated side 
(rami T 1-3 divided 10 days previously); lower, normal side. (a) T 4-7 on operated side and 
whole of cervical sympathetic trunk on normal side stimulated—effect of hexamethonium 
1 mg/kg 1.v.; responses to 1.v. adrenaline (5), and noradrenaline (c). 
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Text-fig. 17. Responses of the nictitating membranes on the normal and operated sides (90 % of the 
post-ganglionic fibres divided) to stimulation of cervical sympathetic trunks and to 1.v. 
adrenaline and noradrenaline. (a2) Normal side—responses did not significantly differ at 
any stage; (b) operated side immediately after operation, (c) 11 days later, and (d) 70 days 
later. 


Partial denervation of the post-gangliomec trunk 

Text-fig. 17 shows the responses of the nictitating membrane on the left 
normal side on stimulation of the cervical sympathetic in continuity under 
sterile conditions and also to I.v. adrenaline and noradrenaline. After dissec- 
tion of the right post-ganglionic trunk the responses equalled those on the 
normal left side, indicating that the post-ganglionic trunk had not been 
damaged by the dissection. The post-ganglionic trunk of the superior cervical 
ganglion is composed of two larger and one or two smaller fascicles (Langley, 
1900). The two large fascicles on the right side were then divided leaving only 
the small one, composing about 10% of the whole bulk of the post-ganglionic 
trunk. The divided proximal and distal ends were ligated and separated by a 
distance of at least 1 cm. Text-fig. 17 shows the responses of the membrane 
immediately afterwards to stimulation of the cervical trunk and to 1.v. 
adrenaline and noradrenaline. At slow rates there is practically no response, 
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and at faster rates only a small response. After completion of the functional 
tests, the wound wassutured. Twelve days later, the right and left cervical trunks 
were again stimulated in continuity under sterile conditions. At this stage 
there was an increase in the responses to stimulation and a marked increase to 
adrenaline and noradrenaline on the operated side (Text-fig. 17). Ata terminal 
experiment 70 days after the original section of the post-ganglionic trunk, the 
response of the nictitating membrane on the operated side had markedly 
increased, especially at the slower rate of stimulation, and was greater than on 
the opposite control side. However, the responses on the operated side to 1.v. 
adrenaline and noradrenaline had decreased as compared with 12 days after the 
operation, although still greater than the original responses. Throughout the 
three periods at which the nictitating membrane responses were recorded the 
results on the left normal side showed no significant differences. 

The return of function of the nictitating membrane 70 days after partial 
division of the post-ganglionic trunk and the concurrent decrease in hyper- 
sensitivity to adrenaline and noradrenaline is unlikely to be due to growth 
of axons from the site of division to the denervated end organs. With the 
precautions taken, the observations of Tuckett (1895), Langley (1900) and 
Machida (1929) suggest that regeneration, should it occur, would take much 
longer than 70 days. This was confirmed by an experiment in another cat in 
which the post-ganglionic trunk was completely divided on one side and the 
proximal and distal ends ligated leaving a gap of at least 1 cm. Stimulation of 
the cervical trunk 72 days later produced no response of the nictitating mem- 
brane or pupil. The responses of the nictitating membrane to adrenaline and 
noradrenaline remained as great as at 12 days after the original operation. 

The evidence indicates that after partial denervation of the post-ganglionic 
trunk the return of function is due to a regenerative process and that this is 
most likely to be effected by collateral sprouting of the remaining intact post- 


ganglionic fibres. 
Histological findings 
The preganglionic trunks 1 cm or more caudad to the superior cervical 
ganglia were examined. Five days after division of rami T 1-3 a relatively small 
number of remaining intact preganglionic fibres could be seen, but the great 
majority of Schwann tubes were filled with the debris of degenerating axons. 
Pl. 1, fig. 2a, shows a single normal preganglionic fibre with a Schwann cell 
nucleus and the axon surrounded by the faintly stained Schwann cell cyto- 
plasm. PI. 1, fig. 2b, shows a Schwann tube distended with the debris of a 
degenerating axon. In some instances a small collateral sprout could be ob- 
served within the same Schwann tube as the larger parent axon (PI. 1, fig. 2c). 
These sprouts frequently grew into adjoining tubes still containing the debris 
of a previously divided axon and presumably were guided along them (Weiss, 
1941). In a few instances the point of sprouting could be identified (Pl. 1, 
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fig. 3). In preganglionic trunks it was not possible to trace the sprouts to their 
terminations to see whether they came into close apposition with ganglion cells 
or not. Although sprouts occurred in this situation, there was a considerably 
larger number within the ganglion itself. 

Within the operated ganglion in the early stages, e.g. 5 days after section, 
numerous fragments of preganglionic terminations in the process of breaking 
up could be identified. PI. 2, fig. 7, shows the typical rings and segments. These 
appearances were found throughout the ganglion indicating that the fibres 
arising from T 1-3 were distributed widely within the ganglion. In addition, it 
was shown that the intact fibres arising from T 4~7, although mostly distributed 
to the caudal portion of the ganglion, were also present in the cranial half in 
considerable numbers. Pl. 2, fig. 6, shows a collateral sprout which has arisen 
from a remaining intact preganglionic fibre within the ganglion. It has grown 
into an adjacent Schwann tube still containing the debris of a divided axon 
and has subsequently been guided down the tube. The sprout itself divides 
into further sprouts and the point of division of one is shown in Pl. 2, fig. 6. 
The typical bulbous appearance of very early regenerating nerve fibres can be 
seen on one of the sprouts. In Pl. 2, fig. 6 (bottom right), there is a very fine 
sprout running along the edge of a tube still containing debris. Thése sprouts 
can be traced under the microscope and come into close apposition with adjoin- 
ing ganglion cells and their dendrites. Pl. 2, fig. 8, shows tiny collateral 
sprouts coming into close apposition with the cell body of the same ganglion 
cell at a different focus as in Pl. 2, fig. 7. They are some of the terminations of 
the sprouts shown in Pl. 2; fig. 6. At 5 days after division of T1-—3 there are 
side by side degenerating terminal preganglionic fibres and regenerating 
collateral sprouts. In the early stages, 5-10 days after operation, the tiny 
collateral sprouts are very numerous and widely distributed throughout the 
ganglion, coming into close apposition with the majority of cells within the 
ganglion. They arise from preganglionic fibres within the ganglion at more 
proximal levels where Schwann tubes are still present and at more peripheral 
levels after the Schwann cells have merged into their homologues, the glial 
cells (Text-fig. 18). In the present study, it was clear that approximation of 
preganglionic terminations to dendrites occurred much more frequently and 
extensively than to cell bodies, both in normal ganglia and in those in which 
sprouting had taken place. PI. 2, fig. 9, shows a sprout terminating on a dendrite 
of a ganglion cell 10 days after partial denervation. 

The number of very fine preganglionic terminations is greatest during the 
period from 5 to 10 days after partial denervation, and although their number 
declines thereafter, the density of preganglionic endings appears to remain 
about the same. By the 4th—8th week the size of many of the preganglioni 
endings resembles that seen normally (Pl. 1, figs. 4, 5). These ol 
suggest that most, if not all, of the new sprouts are formed soon after opers- 
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tion, and subsequently undergo growth and maturation. So far as can be seen 
from the sections, the great majority of cells within the ganglion are re- 
innervated by sprouting from the remaining 10% of preganglionic fibres. 
However, 4 weeks or later after operation there is still a larger proportion of 
small gn ant terminations in a partially denervated than in a normal 
ganguon. 


Schwann tube containing 
myelin debris a 


Sprout 


Text-fig. 18. Diagram of an area of superior cervical ganglion 5 days after section of rami T 1-3, 
showing two sprouts, arising from a normal parent preganglionic fibre and typical fragments 
of degenerating preganglionic terminals. 


DISCUSSION 


The present observations show that after 90% of the preganglionic fibres to 
the superior cervical ganglion have been divided, collateral sprouts arise from 
the remaining intact preganglionic fibres. Histologically, sprouts appear 
within 5 days of denervation and conie into close association with the majority 
of ganglion cells denervated by the operation. Subsequently they undergo 
maturation and this is practically complete by 4-8 weeks. Ganglion action- 
potential recordings indicate that stimulation of the remaining 10% of 
preganglionic fibres cause discharges from a much larger number of post- 
synaptic elements than are normally activated by them. This increased field 
of innervation of the remaining preganglionic fibres on the operated side 
results in much greater responses of the nictitating membrane and, as evi- 
denced by dilatation of the pupil, activation of ganglion cells with which 
they previously did not form synapses. In the late stages, hypersensitivity of 
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the effector organs or ganglion cells plays little or no part in the increased 
responses. Providing 10% of the preganglionic fibres are available for sprout- 
ing, the return of function of the ganglion is for most purposes complete in 
4 weeks. However, ganglia in which sprouting has occurred are deficient in 
two respects. First, only about 60% of the amount of ACh released on 
stimulation of the normal ganglion is found on the partially denervated side. 
The results indicate, however, that a preganglionic fibre can double the 
amount of ACh it releases in response to stimulation. The greater number of 
terminations may account for the increase. Secondly, the ganglion on the 
operated side becomes much more sensitive to the blocking effect of hexa- 
methonium than normal. 

The outstanding feature in the sympathetic nervous system is the remark- 
ably complete return of function even when there are relatively few pre- 
ganglionic fibres available for sprouting. Although much work has been done 
on the stimulus causing collateral sprouting in limb muscles (reviewed by 
Edds, 1953), precise knowledge is still lacking. Edds concludes that the 
sprouting phenomenon is a response of the residual fibre to the action of a 
humoral agent released by adjacent degenerating nerve fibres. There is, 
however, more information regarding the response. The number of sprouts 
arising from any parent fibre is directly related to the number of degenerating 
fibres in the immediate vicinity (Edds, 1953; Morris, 1953). For the sprouts to 
function, they must establish contact with denervated end-plates and this 
depends on the availability of Schwann sheaths to guide growing sprouts to 
these end-plates (Morris, 1953). Because of the compact nature of a ganglion, 
there will be an extensive intermingling of intact and degenerating nerve 
fibres. This is particularly so after division of rami T 1-3 since it has been shown 
that intact and degenerating fibres are widely distributed within the ganglion 
and not located in separate areas. In contrast to muscle, where the Schwann 
sheaths leading to motor end-plates are relatively discrete, the adventitial cells 
within the ganglion which guide regenerating nerve fibres to ganglion cells 
form a syncytium (De Castro, 1951; Causey & Hoffman, 1955). It appears 
likely that in a ganglion, in contrast to a muscle, there would be a greater 
number of sprouts formed and they would have greater success in reaching 
end organs. Thirdly, because of the close apposition of ganglion cells and 
parent fibres, sprouts would have a much shorter course than in muscle. This 
may be a determining factor in the number of sprouts that can be supported 
by a nerve fibre. Lastly, the target area for the sprouts to make functional 
connexion may be relatively large. The superior cervical ganglion contains 
many of the largest ganglion cells in the sympathetic system, some of the 
perikarya measuring more than 30-40 in diameter and the dendrites extend 
in many directions to a greater extent than the cell diameter (De Castro, 1932). 
Sholl (1956) has shown that in the central nervous system the surface area of 
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the perikaryon is only about 10% of that of dendrites and a relationship of 
similar order may exist in sympathetic ganglia. As far as is known, the synapse 
in a ganglion is formed by the close approximation of preganglionic termina- 
tions with cells and in particular their processes (De Castro, 1951; Causey & 
Hoffman, 1955). 

Of some importance is a consideration of the factors which might limit the 
re-innervation of a ganglion by sprouts. One factor would be the capacity of a 
parent fibre to produce a large number of sprouts. It has been calculated that 
growing sprouts constitute less than 1°, of the volume of the whole neurone, 
but axoplasm drawn into them may be available only locally and this may 
place some limitation on the numbers (Edds, 1953). Nerve cells which have 
supported new branches for several months have enlarged perikarya with 
normal patterns of Nissl substance (Cavanaugh, 1951) and the axons hyper- 
trophy (Edds, 1949). Such a mechanism may permit a small number of axons 
supporting a large number of new branches to mature, although the process 
may take many months (Edds, 1953). In the present iments, with 1% of 
preganglionic fibres left intact, there was only partial recovery even 55 days 
after operation. 

It is clear that re-innervation of a ganglion by sprouts is accompanied by a 
decrease in hypersensitivity both of effector organs and of ganglion cells. At a 
certain stage in the recovery process, the balance between function of sprouts 
and persisting hypersensitivity is such that their effects summate to produce 
an overshoot in response of the effector organ. The degree and time course of 
this phenomenon will depend on the rate and extent of the re-innervation. It is 
known that the overshoot in size of the pupil during regeneration of post- 
ganglionic fibres is greater in degree and duration than with preganglionic 
fibres (Machida, 1929). This may be explained by the fact that re-innervation 
by post-ganglionic fibres takes a longer time and is less complete than after a 
comparable lesion of preganglionic fibres (Langley, 1897; Lee, 1929; Machida, 
1929; Briicke, 1931), probably owing to the great dispersal of end organs to be 
re-innervated and the many and lengthy pathways by which the fibres can be 
guided. In addition, post-ganglionic denervation results in a greater degree of 
hypersensitivity of the effector organ than does preganglionic denervation 
(Cannon & Rosenblueth, 1949). The present experiments suggest that the 
overshoot in responses of effector organs is more prolonged as the result of 
collateral sprouting of post-ganglionic as compared with preganglionic fibres. 

Since collateral sprouting occurs in man (Coérs, 1956), it is of interest to 
examine the possible relationship to surgical sympathectomy. Preganglionic 
sympathectomy of the upper limb leaves the 1st thoracic ramus and cervico- 
thoracic ganglion as a possible source for collateral sprouting (Geohegan & 
Aidar, 1942), Even after ganglionectomy, escape routes may be provided by 
intermediate ganglia and their aberrant pre- and post-ganglionic fibres (Skoog, 
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1947; Boyd & Munro, 1949). When return of function occurs, it may be slight 
and take up to a year or more to develop (Simmons & Sheehan, 1939; Smith- 
wick, 1940; Barcroft & Hamilton, 1948a, b; Haxton, 1954), suggesting that if 
collateral sprouting is involved, the escape fibres are few in number. In con- 
trast, recovery after thoraco-lumbar sympathectomy may develop in a few 
weeks and in this situation there is known to be a considerable number of 
escape fibres (Boyd & Monro, 1949; Monro, 1954). Sprouts may re-innervate 
any effector organ of the same type, i.e. cholinergic or adrenergic, irrespective 
of the original functional connexions of the pre- or post-ganglionic fibres, and 
this may lead to bizarre results. In the present experiments complete pre- 
ganglionic denervation of the superior cervical ganglion was followed by 
sprouting of the vagal efferent fibres in the adjacent nodose ganglion. The 
sprouts partly re-innervated the superior cervical ganglion by way of the 
existing communications. As a result, nictitating membrane contractions on 
the operated side could be produced by vascular and gastric reflexes passing 
up the contralateral vagus. An example of the bizarre nhenomenon in man 
may be gustatory sweating, which sometimes occurs after sympathectomy of 
the upper arm (Haxton, 1948). Exaggerated reflex responses of sweating in the 
face may be due to summation of the effects of partial re-innervation by sprout- 
ing from adjacent nerves and persisting hypersensitivity of the sweat glands 
(Wilson, 1936). Furthermore, it is now evident that caution is needed when 
performing animal experiments. As has been shown, collateral sprouting can 
occur very rapidly and reliance cannot be placed on this type of regeneration 
not having taken place within the times of the experiments. Failure to 
appreciate this fact may lead to erroneous results. 

The concept of the nervous system as a static structure is undergoing radical 
changes. The extension of sprouts from intact nerve fibres into zones of sensory 
loss in skin, motor loss in muscle, and in the sympathetic nervous system are 
excellent illustrations of the lability of nervous tissue. Recently, histological 
and functional evidence has been obtained that collateral sprouting occurs in 
the spinal cord of cat and monkey (Liu & Chambers, 1956; McCouch, Austin & 
Liu, 1956). It appears that sprouting in response to trauma and other causes 
(Coérs, 1956) is a general phenomenon in the nervous system. The functional 
efficiency will vary in different situations depending to some extent on the 
factors discussed above. 


SUMMARY 


1. In cats, the superior cervical ganglion on one side was partially dener- 
vated by severing the rami communicantes from the first, second and third 
thoracic nerves; this causes about 90% of the preganglionic fibres to de- 
generate; the residual 10% consist chiefly of fibres 2 or less in diameter. 

2. Stimulation of the remaining 10% of fibres initially produces a very small 
contraction of the nictitating membrane. Four to eight weeks later the re- 
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sponses have markedly increased and equal those on stimulation of the whole 
of the cervical trunk on the normal side. 

3. Dilatation of the pupil on stimulation of the remaining fibres showed 
that they now form synapses with ganglion cells not previously activated by 
them. 

4, Hypersensitivity of the effector organ or ganglion cells plays little or no 
part in the eventual recovery of function, although it may be present in the 
early stages. The return of function coincides with the disappearance of the 
hypersensitivity. 

5. Histological examination of partially denervated ganglia showed that 
collateral sprouts arise from the remaining intact preganglionic fibres and come 
into close apposition with the majority of ganglion cells denervated by the 
preliminary operation. 

6. Experiments recording ganglion action potentials confirmed that the 
majority of cells within a partially denervated ganglion are now activated by 
stimulation of the remaining 10°% of preganglionic fibres, although in a normal 
ganglion only a small proportion of cells are in synaptic connexion with these 
fibres. Although the temporal relationships of the ganglion action potential 
are considerably altered, its responses to repetitive excitation or to drugs is 
qualitatively normal. 

7. Perfusion of a partially denervated ganglion showed that stimulation of 
the remaining 10%, of preganglionic fibres released twice as much acetylcholine 
as stimulation of a similar number of fibres to a normal ganglion. Nevertheless, 
the total amount of acetylcholine released in a partially denervated ganglion 
was only about 60 °, of that on stimulation of all the preganglionic fibres on the 
normal side. 

8. The partially denervated ganglion begomes more sensitive to the block- 
ing effect of hexamethonium than a normal ganglion. 

9. Post-ganglionic fibres also appear to respond to partial denervation by 
collateral sprouting. 

10. The possible factors responsible for the efficiency of the sprouting pro- 
cess in the sympathetic nervous system are discussed. 


The authors wish to thank Professor W. D. M. Paton, F.R.S., for his valuable help and many 
suggestions throughout the work. They are also indebted to Mr D. A. Green and staff for technical 
assistance. 


REFERENCES 


Acostont, E., Cumsxoox, J. E., Dary, M. pz Buren & Murray, J. G. (1957). Functional and 
histological studies on the vagus nerve and its branches to the heart, lungs and abdominal 
viscera in the cat. J. Physiol. 185, 182-205. 

Baxcrort, H. & Hammon, G. T. 0. (19482). Results of sympathectomy of the upper limb with 
special reference to Raynaud’s disease. Lancet, 254, 441-444. 

Baxcrort, H. & Hammon, G. T. C. (19485). Further observations on the results of sympath- 
ectomy of the upper limb. Lancet, 255, 770-771. 


+ 
- 
4 
*, 
q 
> 
x 


160 J. G. MURRAY AND J. W. THOMPSON 


Brsnopr, G. H. & Hernpecker, P. (1932). A functional analysis of the cervical sympathetic nerve 
supply to the eye. Amer. J. Physiol. 100, 519-532. 

Boyrp, J. D. & Mowro, P. A. G. (1949). Partial retention of autonomic function after paravertebral 

’ sympathectomy. Lancet, 257, 892-895. 

Braicéxs, H, V. (1931). Recovery of normal tonus in the course of regeneration of the cervical 
sympathetic nerve. J. comp. Neurol. 58, 225-262. 

Burson, A. R. C, (1950). Regeneration of the cervical sympathetic. Brit. J. Surg. 38, 223-239. 

Cannon, W. B. & Rosmnsivuers, A. (1949). The Supersensitivity of Denervated Structures. New 
York: The Macmillan Co. 

Causzy, G. & Horrman, H. (1955). Axosomatic synapses in the superior cervical ganglion. 
J. Physiol. 130, 50 P. 

Cavanavan, M. W. (1951). Quantitative effects of the peripheral innervation area on nerves and 
spinal ganglion cells. J. comp. Neurol. 94, 181-220. 

Coiirs, C. fee a Proc. 2nd int. Congr. Neuropath., Lond. (in the Press). 

De Castro, 1932). Sympathetic ganglia, normal and pathological, in Cytology and Cellular 

pres at = the Nervous System. Penfield, W., Ed. Vol. t, Sect. vu, pp. 317-379. New York: 

Peal BY B. Hoeber Inc. 


De Casrno, F. (1951). 
Arch. int. Physiol. 59, 479-513 

Ecouzs, J. C, (1935). of theeuperioe carvicel J. Physiol, 85, 179-206, 

Epps, M. V. ae Experiments on partially deneurotized nerves. II. Hypertrophy of residual 
fibres. J. exp. Zool. 112, 29-48. 

Epps, M. Y. (1953). Collateral nerve regeneration. Quart. Rev. Biol. 28, 260-276. 

Evans, D. H. L. & Murray, J. G. (1954). Histological and functional studies on the fibre composi- 
tion of the vagus nerve of the rabbit. J. Anat., Lond., 88, 320-337. 

Feipperc, W. & Gavpum, # H. (1934). The chemical transmitter at synapses in a sympathetic 
ganglion. J. Physiol. 81, 305-319. 

Foury, J. O, (1945). The components of the cervical pathetic trunk with special reference to 
its accessory cells and ganglia. J. comp. Neurol. 82, 77-89. 

Foxuzy, J. O. & DuBors, F. 8. (1940). A quantitative end experimental study of the cervical 
sympathetic trunk. J. comp. Neurol. 72, 587-603. 

Gronnean, W. A. & Aznar, 0. J. (1942). Functional reorganization following preganglionectomy. 
Proc. Soc. exp. Biol., N.Y., 50, 365-369. 

Haxton, H. A, (1948). Gustatory sweating. Brain, 71, 16-25. 

Haxton, H. A, (1954). The sympathetic nerve supply of the upper limb in relation to sympath- 
ectomy. Ann. R. Coll. Surg. Engl. 14, 247-266. 

W. (1933). Von Meuron eu! des 

Pfliig. Arch. ges. Physiol. 232, 43 

<n B. (1950), The histochemical differentiation of types of cholinesterases and their 
localizations in tissues of the cat. J. Pharmacol. 100, 158-179. 

La N. (1897). On regeneration of preganglionic and of postganglionic nerve fibres. 

J. Physiol, 22, 215-230. 

Lanaey, J. N. (1900). In Textbook of Physiology. Ed. Schafer, E. A. Vol. 1, p. 620, Edinburgh 
and London: Young J. Pentland. 

Lug, F, C, (1929). The regeneration of nervous tissue. Physiol. Rev. 9, 575-623. 

Liv, C. & Cuampzrs, W. W. (1956). Sprouting from intact intraspinal collaterals and oe 
terminals of dorsal roots following partial denervation of the spinal cord of the cat. Proc. XX 
int. physiol. Congr., Brussels, pp. 575-576. 


Macurpa, K. (1929). Observations.on the degeneration and regeneration of post-ganglionic nerve 
fibres. Johns Hopk. Hosp. Bull. 45, 247-263. 

MoCovos, G. P., Austin, G. M. & Lav, C. Y. (1956). 8 of new terminals as a cause of 
spasticity. Proc. XX int. physiol. Congr., Brussels, pp. 627-628. 

pasa ny (1954). Anterior rhizotomy of preganglionic fibres in man. J. Anat., Lond., 

Morais, D. D. B. (1953). Recovery in partly paralysed muscles. J. Bone Jt. Surg. 35 B, 650-660. 

Murray, J. G. W. (1956). Regeneration b uting in the partially 
denervated superior cervical ganglion of the cat. J. P. $1, 32-33 P. 


Fig. 


Fig. 
Fig. 


j 

| Pat 
Ran 
Saw 
Sep! 
Sim 
Sim 
Sxor 
Tuc 
WEI 
WEI 
Wel 
{ Wi 
by t 
| | Fig. 
Fig. 


@ 


F & & 


q> 


SPROUTING IN THE SYMPATHETIC SYSTEM 161 


Paton, W. D. M. & Pzrry, W. L. M. (1953). The relationship between i 


Ranson, S. W. & Davenport, H. K. (1931). Sensory 
Amer. J. Anat. 48, 331-353. unmyelinated fibres in the spinal nerves. 


Sawygr, C. H. & Hortiwsmeap, W. H. (1945). Cholinesterases i thetic ganglia. 
J. Neurophysiol, 8, 135-153. 
Seppon, H. J. & Mepawakr, P. B. (1942). Fibrin suture of human nerve. Lancet, 243, 87-88. 
Sxo.L, D. A. (1956). The measurable parameters of the cerebral cortex and their significance in its 
organization. Folia psychiat. neerl. (Suppl.) (in the Press). ; 
Sroweonk, F, A. (1937). The effect of the eration of the nerve su on the sensiti of the 
denervated nictitating membrane Amer. J. 466-474. 
F, A., Cannon, W. B. & A. (1938). The sensitization of the superior 
cervical ganglion to nerve impulses by partial denervation. Amer. J. Physiol. 122, 94-100. 


Summons, H. T, & Suemnan, D. (1939). The causes of relapse following thectomy of the 
arm. Brit. J. Surg. 27, 234-255. 


e008, 2a Ganglia in the communicating rami of the cervical sympathetic trunk. Lancet, 
Suresiwidkt R. H. (1940). The problem of producing complete and lasting sympathetic denerva- 
tion of the upper extremity by preganglionic section. Ann. Surg. 412, 1086-1100, ~ 


Tuckett, I. L. (1895). On the structure and degeneration of non-medullated nerve fibres. 
J. Physiol. 19, 267-311. 


Van HaRREVELD, A. (1945). Re-innervation of denervated muscle fibres by adjacent functioning 
motor units. Amer. J. Physiol. 144, 477-493. 

Wreppett, G., Gurrmann, L. & Gurmann, E; (1941). The local extension of nerve fibres into 
denervated areas of akin. J. Neurol. 4 (N.S.), 206~—225. 

Weiss, P, (1941), Nerve patterns: The mechanics of nerve growth. Growth, Symposium 3, 163- 
203. 


Wess, P. & Epps, M. V. (1946). Spontaneous recovery of muscle following partial denervation. 
Amer. J. Physiol. 145, 587-607. 


Wizson, W. C. (1936). Observations relating to the innervation of the sweat glands of the face. 
Olin. Sci. 2, 273-286. 


EXPLANATION OF PLATES 


All are longitudinal sections of the superior cervical ganglia or the preganglionic trunks stained 
by the Bielschowsky method. 
| 

Fig. 1. A low-power view of the superior cervical ganglion, 5 days after division of rami T 1-3: 
small sections of the preganglionic (upper) and post-ganglionic trunks (lower) are shown. 

Fig. 2. Sections of the preganglionic trunk 1 cm caudad to the superior cervical ganglion 5 days 
after division of rami T 1-3: a, a single intact preganglionic fibre with a Schwann cell nucleus 
and faintly stained, the Schwann cell cytoplasm around the axon; b, a Schwann tube filled 
with the debris of a degenerating axon; c, a single intact preganglionic fibre with an adjacent 
Schwann tube filled with debris; between the two is a fine collateral sprout which has arisen 
from the intact axon. 

Fig. 3. A section of the preganglionic trunk (as in fig. 2) showing a few remaining intact small 
preganglionic fibres, the majority of tubes containing faintly stained debris. In the middle is a 
very fine collateral aprout (slightly out of focus) arising from an intact axon; the sprout 
grows into an adjacent tube containing debris. Bottom, a Schwann cell nucleus in the process 
of mitosis. 

Fig. 4. A ganglion cell and preganglionic fibres in a normal superior cervical ganglion. 

Fig. 5. Same cell as in fig. 4 focused so that the preganglionic terminations in close apposition with 
the cell surface can be seen. 
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Fig. 6. Section within a ganglion 5 days after division of rami T1-3. A sprout has arisen more 
proximally from a parent intact preganglionic axon, grown into an adjacent Schwann tube 
still containing debris (top left hand) and been guided down the tube. A Schwann cell nucleus 
in the tube can be recognized. The sprout in turn divides into further sprouts and the point 
of division of one can be seen. On one sprout (bottom right) a bulbous appearance typical of a 
very early regenerating fibre can be seen. Bottom right is a Schwann tube filled with debris, a 
tiny new sprout running alongside. 

Fig. 7. A ganglion cell adjacent to the area shown in fig. 6 with nucleus, nucleolus and dendrites. 
Top left hand is a fragment of a preganglionic termination with a rounded mass of axoplasm 
in the process of degeneration. Several ring-like appearances, typical of degenerating fine 
preganglionic terminations, can be seen. 

Fig. 8. Same cell as in fig. 7 at a slightly different focus showing tiny sprouts, some coming into 
close apposition with the cell surface, and dendrites. 

Fig. 9. Part of a ganglion cell (right) with a dendrite (left) 10 days after section of rami T 1-3; a 
sprout which could be traced from a preganglionic parent fibre is seen spiralling round the 

dendrite. 

Fig. 10. A Schwann tube filled with debris of a degenerating axon; the nucleolus of a Schwann cell 
nucleus shown right. Rami T1-3 had been divided 10 days previously. Two fine sprouts are 
seen running along within the same tube. 
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THE CAPACITY AND DISTENSIBILITY OF THE BLOOD 
VESSELS OF THE HUMAN HAND 


By D. R. COLES anp G. C. PATTERSON 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 30 August 1956) 


Greenfield & Patterson (1956) measured changes in the capacity of the blood 
vessels of the forearm to hold blood under various conditions which were known 
to alter the peripheral resistance. The capacity was defined as the extra 
amount of blood held in the vessels when they were dis®ended by an increase in 
transmural pressure of 100 mm Hg added to the amount of blood which could 
be expelled from the arm by an external pressure of 200 mm Hg. It was found 
that when the blood flow was considerably increased by local or general 
heating or by muscular exercise of the forearm the capacity remained almost 
unaltered. 

In the present experiments similar observations have been made on the 
blood vessels of the hand; observations have also been made while the hand 


METHODS 


The subjects were two healthy young men (D.R.C. and G.C.P.); they wore indoor clothing and were 
tecumbent for at least 30 min before observations were made. The laboratory temperature was 
maintained between 20 and 23° C. 
The apparatus used was the pressure plethysmograph described by Greenfield & Pattergon (1956) 
’ ‘adapted for observations on the hand. The subject lay on a couch with his left hand inserted into 
the plethysmograph proper. A large tank in which the pressure could be raised or lowered as 
desired surrounded the hand, forearm and plethysmograph. Variations in the volume of hand in 
the plethysmograph displaced water from the plethysmograph to a sloping calibrated tube; the 
slope of the tube was such that an increase in volume of 16-5 ml. increased the pressure head by 
Only 1 cm, The water-level in this tube was read directly. Hand capacity was measured by the 
" addition of the increase in volume observed when the hand was subjected to a pressure 100 mm Hg 
4 below atmospheric (—100 mm Hg), to the decrease in volume when the hand was exposed to a 
pressure 200 mm Hg above atmospheric (+200 mm Hg). A pneumatic cuff surrounded the wrist 
inside the tank. When desired the circulation to the hand was arrested by inflating this cuff to a 
pressure at least 200 mm Hg above both the atmospheric pressure and the pressure in the tank. 
Betwoon observations of capacity, and with the tank at atmospheric pressure, the hand blood flow 
was measured by venous occlusion plethysmography. The temperature of the water in the 
Pleth ysmograph, unless otherwise stated, was maintained at 32° C. eg 


blood flow was decreased below normal resting levels by cooling the subject. . 
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It was thought at the outset that satisfactory observations would most readily be made with the 
hand rigidly fixed in position. The following two methods, both of which were eventually aban- 
doned, were therefore explored. In the first, the elbow, outside the tank, was flexed to a right 
angle. A rigidly fixed plaster cast was brought to bear on the back of the elbow, preventing move- 
ment out of the tank. The knuckles were in contact with an imprint in dental wax fixed inside the 
plethysmograph ; this prevented movement of the hand into the plethysmograph. The plethysmo- 
graph was fixed rigidly inside the tank. Volume changes were observed first with the circulation 
free and then with the circulation arrested. The changes in volume observed with the circulation 
arrested were assumed to be due to the movement of the hand relative to the plethysmograph. 

In the second method, the hand, fixed as before, was exposed to a subatmospheric pressure, and 
2-3 sec before the end of the exposure the circulation was arrested by the cuff. The pressure in the 
tank was then returned to atmospheric. The cuff was released and the decrease in volume of the 
hand was measured. The procedure was repeated at +200 mm Hg. In each experiment the arti- 
fact caused by inflation and deflation of the cuff was shown to be less than 0-5 % of the volume of 
the hand. Both methods suffered from the disadvantage that the volume changes observed 
during exposure to - 100 mm Hg were made with the knuckles pressed against the imprint in 
dental wax, thus obstructing the blood vessels of these parts. In addition, it was always difficult, 
and often impossible, to obtain satisfactory records of blood inflow with the arm flexed at the 
elbow. 

Method finally adopted. In all subsequent experiments therefore the second method was adopted, 
but without fixation and with the arm extended. Movement of the hand out of the tank was 
opposed by encasing the shoulders in a rigid plaster of Paris cast. Movement of the hand into the 
tank was opposed only by the pull of the arm; the imprint in dental wax for the knuckles was dis- 
carded, and the plethysmograph rested on a freely swinging platform. This permitted the plethys- 
mograph to move with the hand, and although there was some movement of the plethysmograph 
relative to the hand during the application of - 100 mm Hg this was insufficient to cause contact 
between the dorsum of the fingers and the end of the plethysmograph. 

_ Presentation of results | 

C2399 Represents the volume changes per 100 ml. of hand tissue on exposure for 1 min to a 
pressure of — 100 mm Hg; 

Cz represents the volume change per 100 ml. of hand tissue on exposure for 1 min to a 
pressure of +200 mm Hg; 

represents capacity =C° 199 + 


RESULTS 


Fig. 1 shows the volume readings on the sloping calibrated side tube during 
a single measurement of C+#8. The readings used for the estimation of 
C® 199 and Cy* are indicated by solid circles. The vertical lines represent 
C2199 and Ce” respectively. The sum of these, the capacity, C+2%, is 
shown by the vertical line to the right of the figure. On exposure to — 100 and 
+200 mm Hg the rate of change of the apparent hand volume was at first very 
rapid, but towards the end of 1 min became much slower. The apparent 
volume 2-5 min after exposure was constant. At this time the cuff was inflated 
to the appropriate pressure for 10 sec to determine the artifact due to tissue 
distortion by the cuff; only when this was less than 2 ml. was the experiment 
accepted. After the initial experiments only the readings necessary for capacity 
determination (indicated by the solid symbols in Fig. 1) were recorded. 
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HAND VASCULAR CAPACITY 


Reproducibility. Fig. 2 shows the results of six experiments in each of which 
six measurements of capacity, C+? were made at 10-15 min intervals. 
Three experiments were carried out on different days on each of the two 
subjects. The upper symbols show values of (+2 and the lower symbols 
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Fig. 1. The volume readings on the sloping calibrated tube during a single measurement of (+88. 
The hand was exposed to - 100 and +200 mm Hg for periods of 1 min as defined by the 
vertical broken lines. Periods of arrest of the circulation are indicated by black rectangles. 
Solid symbols indicate the readings used for determination of capacity. Capacity C+}, 
and its subdivisions, are indicated by vertical lines. 
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Fig. 2. Summary of results of six experiments, three on D.R.C. (open 
G.C.P. (solid symbols). In each experiment, six observations were made of the capacity. The 


upper symbols show measurements of (+908, the lower symbols measurements of or. 


Conditions were as nearly as possible identical throughout. 
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values of Of. Occasionally the first observation of Ctiq} was lower 
than those that followed, and as in the case of the forearm (Greenfield & 
Patterson, 1956), the first measurement in all subsequent experiments was 
discarded. Values of C+38 were reasonably reproducible for both subjects, 
and this was true of all other observations made over a period of 2 months. 
One possible cause of the variation observed in Cj was the presence of 
some venous congestion due to difficulty in avoiding constriction of the veins 
at the entry of the arm into the tank. The following experiments were there- 
fore performed. 


G.C-P. D.R.C. 


| 


] 


Change in hand volume (%) 


Expt. number 


capacity, C+#%3 (indicated by the upper cross-bars) and Cj®” (indicated by the lower 
cross-bars). In each experiment, a cuff at the wrist was inflated to 50 mm Hg during the 
third and fifth observations; the vertical broken lines indicate the increase and decrease in the 
volume of the hand on inflation and deflation of this cuff. 


The effect of venous congestion. In one experiment on each of the two subjects 
C1398 was measured repeatedly, and on alternate occasions a cuff on the 
upper arm outside the tank was inflated to 50 mm Hg to produce venous 
congestion. The results are shown in Fig. 3. The upper cross-bars on the vertical 
lines represent C173 and the lower bars C{®. The broken lines to left and 
right of certain of the vertical lines represent respectively the increase and 
decrease in hand volume on inflation and deflation of the cuff. The application 
of a congesting pressure of 50 mm Hg had little effect on C+?%. The value of 
Cy*° was increased, and that of C®,.9, was decreased, by amounts corre- 
sponding losely to the extra volume of blood held in the hand during conges- 
tion. Exposure to 200 mm Hg appeared to be equally effective in emptying the 
normal and the congested hand. 
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Observations on capacity at various levels of local resistance to blood flow 
Variations in local resistance to blood flow were brought about in three 
ways: (1) local heating of the hand, (2) general heating of the subject to release 


sympathetic vasomotor tone, or (3) general cooling of the subject to increase 
sympathetic vasomotor tone. 


Local heatung. In six experiments, three on each subject, measurements of 


blood flow were made before and after each measurement of capacity. The 


temperature of the water in the plethysmograph was increased from 32 to 
44°C over 1 hr. Fig. 4A shows the results of an experiment on G.O.P.; the 
results of the other experiments were similar. Measurements of capacity, 


+ + Wh 
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Fig. 4. Three typical experiments showing the effects on the measurement of capacity C+?98 
and Oj, indicated respectively by the upper and lower cross-bars to the vertical lines, of 
(A) local heating of the hand, (B) general heating of the subject, and (C) cooling of the subject. 
The hatched areas indicate the duration of heating or cooling in each case. The dots indicate 
the measurements of blood flow. 


C2, ate indicated by the upper bars on the vertical lines and values of 
Cy by the lower bars. Measurements of blood flow, each the average of 
six flows, are indicated by the solid circles. The values of C17} remained 
almost unchanged, although the hand blood flow increased up to eight times the 
initial value. Values of Cf? increased during heating. Some of this increase 
may have been due to venous congestion. 

General heating, In these six experiments the water in the plethysmograph 
was at 32°.©. After two measurements of capacity the subject was wrapped in 


blankets and his feet and calves were immersed in stirred water at 43-44° C. 
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This caused the blood flow through the hand to increase. The results of a 
typical experiment are summarized in Fig. 4B. Again, the value of Ct?) 
remained almost unchanged, although the hand blood flow increased from 
14-5 to 28 ml./100 ml./min. 

General cooling. In these six experiments the water in the plethysmograph 
was at 32°C. After three measurements of capacity the subject’s upper 
clothing was removed and he was exposed to the air current from an electric 


fan. This caused the hand blood flow to decrease. The results of a typical experi- 


ment are shown in Fig. 4C. In all experiments capacity was considerably re- 
duced at low levels of flow. Most of the reduction was in the C{™ fraction 
of the capacity, the average reduction in which for G.C.P. was 2-3 ml./100 ml. 
and for D.R.C. 2-0 ml./100 ml. 

In two further experiments under similar conditions, but without any pres- 
sure exposure, and in which the hand blood flow underwent the usual reduc- 
tion, observations were made on the resting hand volume. This was found to 
decrease, as the subject was cooled, by a total of 3-9 ml./100 ml. in G.C.P. and 
3-4 ml./100 ml. in D.R.C. Thus the shrinkage in hand volume was more than 
the decrease in Cf. 

| DISCUSSION 

In a previous paper (Greenfield & Patterson, 1956) it was concluded that 
changes in forearm volume on exposure to negative and positive pressures, of 
the order employed in the experiments reported here, were due to alteration in 
the amount of blood held in the vessels of the forearm. It was noted that 
although the arm blanched on exposure to a pressure of 200 mm Hg further 
slight colour changes could be detected with local pressure, particularly over 
the nail beds. It was therefore concluded that a pressure of 200 mm Hg was 
insufficient to express all the blood from the fingers. The experiments recorded 
here have shown that the amount of blood which can be expelled by exposure 
of the hand to 200 mm Hg is less than the reduction in volume of the hand 
when the vessels are constricted by general cooling. It is concluded therefore 
that C38 is a measure, not of the total blood content of the hand, but 
of the easily mobile blood volume. Repeated observations of C+?% on the 
same individual were, however, reasonably constant. The value is unaffected 
by venous congestion brought about by inflation of a cuff on the wrist to 
50 mm Hg; under these conditions the additional blood collected in the hand 
was all expelled by exposure to 200 mm Hg (Fig. 3). It was concluded there- 
fore that the value is unaffected by the smaller degrees of venous congestion 
which were unavoidable during the other experiments. On the other hand, the 
values C{™ are altered by venous congestion and so are less reliable. 

Direct local heat to the hand or the release of sympathetic vasomotor tone 
by general heating of the subject fail to alter the capacity C198, although 
the rate of blood flow through the hands is increased many times. When the 
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resistance to blood flow through the vessels of the hand is increased by cooling 
the subject, the capacity O99} is significantly decreased. 

Henry (1951) measured the leg volume of subjects standing in water at 
various temperatures and observed the increase on breathing against a 
pressure of 40 mm Hg. Pressure breathing is in some respects comparable to 
reducing the local pressure around the leg below that of the atmosphere, but it 
involves a general circulatory disturbance and compensation altogether greater 

in our experiments. Henry observed that raising the water temperature 
from 25 to 45° C appeared to make little difference to the increase in volume on 
pressure breathing though, as might be expected, it did accelerate the rate at 
which this increase occurred. Lowering the temperature to 17° C very con- 
siderably reduced the volume increase. Though these experiments and ours are 
not strictly comparable they do show the same general tendency. It would 
seem that change over a wide range in the degree of dilatation of the vessels 
primarily responsible for the resistance to blood flow does not affect the 
amount of blood which is held in the hand when the vessels are distended by 
an additional pressure of 100 mm Hg. Only when the resistance vessels are 
strongly constricted is the capacity changed. | 

Changes in the transmural pressure of blood vessels produced by exposure to 
subatmospheric pressures are similar to those produced by the hydrostatic 
effects of long blood columns in passive dependent limbs and in dependent 
parts under conditions of centrifugal acceleration. These results suggest that if 
the vessels remain under these conditions long enough to become filled, the 
amount of blood pooling is almost independent of the state of resistance 
vessels unless they are strongly contracted. 

From their observations on the forearm vessels Greenfield & Patterson 
(1956) concluded that either contractile elements are unimportant in deter- 
- mining the capacity, C+288, or they fail to respond to stimuli which produce 
large changes in the contractile elements in the walls of vessels primarily 
responsible for resistance to blood flow. The present results for the hand 
support this view when the contractile elements are relaxed, but when they 
are activated by general body cooling the capacity, C+%{j, is diminished. 
There are two possible explanations for this diminution. First, when the 
stimulus to contract is sufficiently strong, and only then, contractile elements 
May assume importance in the regulation of capacity. Secondly, it may be 
that general cooling is sufficient to cause some of the resistance vessels to close 
down completely, thus depriving the blood of access to a number of capacity 
vessels. If this were so a smaller number of vessels distended to the same extent 
as under relaxed conditions would result in a smaller capacity. There is insuffi- 
_ Cient evidence to form a conclusion. 


= ‘ 
‘ 
4 
( 
; 
‘> 
} 
i 
ig 


170 D. R. COLES AND G. C. PATTERSON 


SUMMARY 

after exposure for 1 min to a pressure 100 mm Hg below atmospheric and after 
exposure for 1 min to a pressure of 200 mm Hg above atmospheric is termed 
the capacity. 

2. The capacity varies little in any one subject from hour to hour or from 
day to day. 

3. Decreasing the peripheral resistance by local heating, or by general heat- 
ing to release sympathetic vasoconstrictor tone, greatly increases the hand 
blood flow but leaves the capacity almost unaltered. 

4. Increasing the peripheral resistance by general cooling to increase 
sympathetic vasoconstrictor tone decreases the hand blood flow and reduces the 
capacity. 

We wish to thank Professor A. D. M. Greenfield and Dr R. F. Whelan for their help and advice. 
D. R. Coles holds a Medical Research Council Fellowship in Clinical Research. Part of the expenses 


for this investigation were defrayed by a grant from the Trustees of the Sir Halley Stewart Fund 
to Professor Greenfield. 
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HEAT ELIMINATION FROM THE TOES DURING EXPOSURE 
OF THE FOOT TO SUBATMOSPHERIC PRESSURES 


By D. R. COLES 
From the Department of Physiology, The Queen’s University of Belfast 
(Recewed 30 August 1956) 


The calibre of a blood vessel depends upon the balance between the transmural 
pressure, tending to dilate it, and the wall tension tending to constrict it. 
When a limb is moved from a horizontal to a dependent position there is an 
increase in the differential pressure between the lumen of the vessels and the 
surrounding air. This increase is borne partly by the walls of the vessels which 
support an increased transmural pressure, and partly by the rigidity of the 
extra-vascular tissues, The increase in transmural pressure thus falls short of 
the increase in differential pressure by an amount depending on the extra- 
vascular support. Calorimetric observations on the fingers by Roddie (1955) 
and on the toes by England & Johnston (1956) have shown that in the 
dependent position the heat elimination from the digits is increased. From this 
they deduced that the blood flow is probably slightly increased and suggested 
that such increases in transmural pressure lead to a slight dilatation of the 
blood vessels concerned with resistance to flow. In all these experiments, 
however, the greatest increases in the differential pressure were of the order of 
50 mm Hg: but when a subject rises from the horizontal to the upright position 
the increase in differential pressure in the toes may be of the order of 100 mm 
Hg (Pollack & Wood, 1949). 

Local exposure of a limb to subatmospheric pressures increases the differen- 
tial pressure between the lumen of the blood vessels and the surrounding air. 
The transmural pressure of the vessels may be increased by any desired 
amount without incurring the general disturbance and compensation of the 
circulation associated with a change in posture of the whole body. There is 
evidence (Greenfield & Patterson, 1954) that during exposure to subatmo- 
spheric pressure the net perfusion pressure remains unaltered; alterations in 
blood flow therefore indicate alterations in local peripheral resistance. This 
Method has been employed by Coles & Greenfield (1956) to measure the re- 
sponses of the blood vessels of the hands. The results of the present experiments 
on the toes have already been briefly described (Coles, 1956). 
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METHODS 


The subjects were six healthy young men. The observations were made in a laboratory at 22-24° C. 
The subject wore normal indoor clothing and lay prone upon a couch. To reduce precooling of the 
arterial blood before it reached the toes (Bazett, Love, Newton, Eisenberg, Day & Forster, 1948) 
the subject was covered with blankets and wore a pair of electrically heated trousers and a pair 
of electrically heated toeless stockings; the trousers and stockings were heated symmetrically. 
Heat elimination was measured from the toes of each foot. The great toe rested lightly upon a 
shelf at a depth of 2-8 cm in a calorimeter (Greenfield, Kernohan, Marshall, Shepherd & Whelan, 
1961) containing 1 1. of water in the temperature range 28-32° C. Normally parts of the second 
and third toes, but none of the fourth and fifth toes, were immersed. The water was constantly 
stirred and its temperature measured by means of a thermometer graduated in 0-01 of a degree 
over the range from 27 to 35° C. The left foot remained at atmospheric pressure throughout and 
acted as a control. The right foot and its calorimeter were contained in a metal box the pressure 


Thermometer 


SANS) 


Calorimeter 


Jacket 


Fig. 1. Calorimeter for observations at subatmospheric pressure. The abutment for the heel, the 
wires attached to the sleeve, the electrically heated stocking and calorimeter stirrer are 
omitted. 


in which could be lowered below that of the atmosphere (Fig. 1). The foot entered the box through 
a hole in a sheet of rubber 6 mm thick, cut to give a clearance of 5 mm round the ankle. To the 
edge of this hole was attached a sleeve of rubber 0-7 mm thick; this was slightly loose on the leg 
but fogmed an airtight seal with the leg when the pressure in the box was reduced. To prevent the 
sleeve herniating into the box and dragging on the leg and possibly restricting the circulation, a 
second layer of rubber around the lower part of the sleeve was attached by wires to a metal 
horseshoe which partially surrounded the leg at a higher level. The heel abutted against a bar which 
prevented movement into the box during suction. The positions of the leg relative to the box and 
of the toes relative to the calorimeters were individually adjusted by raising or lowering jacks 
which supported the shins on comfortably padded slings. 

The pressure in the box was reduced and maintained below atmospheric by means of a pump 
(Edwards type [V). A 15 1. air reservoir acted as a pressure smoother. The pressure was adjusted 
by means of a variable leak, measured by a mercury manometer, and was easily maintained 
within 2 mm Hg of the desired value. 
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Experimental procedure 

No observations were made until the subject had been at rest for at least 30 min with both the 
trousers and stockings heated. Each experiment was divided into periods of 5 min. Each calori- 
meter thermometer was read at 1 min intervals. The heat elimination from the toes of both feet 
was first measured for two periods at atmospheric pressure. During the next minute the pressure 
in the box was reduced below atmospheric; the alteration in pressure on the bulb of the thermo- 
meter was found to affect the reading and the apparent heat elimination in this minute was 
discarded. The heat elimination was then measured for two periods with the experimental foot at 
a steady subatmospheric pressure. During the next minute the pressure was returned to atmo- 
spheric and the apparent heat elimination again discarded, The heat elimination was then mea- 
sured for two further periods with both feet at atmospheric pressure. The experimental foot was, in 
some experiments, then exposed to a different subatmospheric pressure. The pressures were 0 
(blank experiments), 50, 100, 150, 200 and 250 mm Hg below atmospheric. The pressure differing 
least from atmospheric was applied first. 

Determination of the rate of cooling of the calorimeters. The most satisfactory way of determining 
the cooling correction would be with the toes in position and the circulation completely arrested 
for a sufficient time for the temperature of all parts to come into equilibrium with the water in the 
calorimeter. In the present experiments this was not practicable since it is difficult to occlude the 
circulation through the toes and the application of a tourniquet for a sufficient period is most 
unpleasant for the subject. 3 

At the end of each experiment, therefore, the toes were withdrawn from the calorimeters, the 
holes in the calorimeter lids were covered, and the thermometers were read for a period of 5 min. 
During the sixth minute one of the pressures used in the course of the experiment was applied to 
the box and then the thermometers were read for a further period of 5 min at subatmospheric 
pressure. It was found that the rate of cooling of each calorimeter was usually 2—4 x 10-*° C/min 
and that the application of subatmospheric pressures to the box did not appreciably disturb the 
rate of cooling. | 


RESULTS 


Extracts from the protocol of a typical experiment are shown in Table 1. From 
0 to 10 min heat elimination was measured with both feet at atmospheric 
pressure. Results from 10 to 27 miu are omitted from the table; the table 
resumes at the 27th minute with both feet at atmospheric pressure. From 33 to 
43 min the experimental foot was at —200 mm Hg. 

The heat elimination is expressed (C~ *niield & Patterson, 1954; Coles & 
Greenfield, 1956) as a percentage of that from the control toes, allowance being 
made for any initial asymmetry by the use of the formula _ 


Heat elimination 100, 
Yo 


where E, is the heat elimination from the experimental toes during the 5 min 
at atmospheric pressure immediately preceding the application of sub- 
atmospheric pressure ; 

C, is the corresponding heat elimination from the control toes; 

E, is the observed heat elimination from the experimental toes during the first 
or second § min of exposure to subatmospheric pressures; and 


0, is the heat elimination from the control side corresponding to Ey. 
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The period from 5 to 10 min was regarded as a blank exposure of the experi- 
mental foot to zero subatmospheric pressure, and the calculation of ‘heat 
elimination °/,’ for this period is shown in Table 1. The calculations of ‘heat 
elimination °,’ for the first and second 5 min of exposure of the experimental 
foot to — 200 mm Hg are also shown. In the formula for “heat elimination °%, ’ 
the water equivalents of the calorimeters and contents cancel; the formula can 
therefore be entered directly with the corrected temperature rise in milli- 


degrees C/5 min. 
Tas_z 1. Extracts from the protocol of a typical experiment 


Left (control) toes Right (experimental) toes 
Time os Temp. rise Cooling ~ Temp. rise Cooling 
(min) °C (10-*° min) correction. °C (10-*° min) correction 
0 29-516 29-567 
10 29-943 30-020 
Resulte omitted from 10 to 27 min 
27 30-684 30-837 
32 30-910 18 31-078 1s 
Suction on at ~200 mm Hg 
212 18 52-690 210 19 
38 31-167 203 18 31-300 230 19 
43 31-370 31-530 
Suction off 
44 31-406 31-613 
Toes out, calorimeter holes covered 
50 31-612 20 31-843 13 
55 31-592 31-830 
Suction on at —- 100 mm Hg 
61 31-567 31-785 
Entering the formula heat elimination = 100: 
Ye 


222+13 224+18 


Base-line period (9-10 min) 391418 50a 120 = 195%: 
210+19 226+18 
First 5 min at 200 mm Hg (33-38 min) 13 18° 


230+19 226+18 


Second 5 min at — 200 mm Hg (38-43 min) 577418203418" 18 = 198 %- 


In the present experiments, in which the temperatures of the calorimeters 
were usually within 1° C of each other throughout, the effect of making an 
allowance for the reduction in heat elimination from each volume of blood as 
the calorimeter temperature rises (Cooper, Cross, Greenfield, Hamilton & 
Scarborough, 1949) was to alter by less than 2 the value of ‘heat elimination %,’. 
This allowance was omitted from the calculations. 

The results of all experiments upon the six subjects, treated in this way, are 
shown in Fig. 2 (first 5 min of exposure) and Fig. 3 (second 5 min of exposure). 
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The right foot of each subject was exposed to pressures of —50 to ~ 200 mm 
Hg and four subjects were each on one occasion exposed to —250 mm Hg. 
Results, calculated in exactly the same way, are also given for blank experi- 
ments in which the pressure on the experimental foot remained at atmospheric; 
the mean of this is, as expected, very close to 100%. The results during the two 
periods are similar but c in “heat elimination %’ are more marked during 
the second period. | 
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mm Hg below atmospheric pressure 
Fig. 2. Heat elimination % from the toes during the first 5 min of exposure to sub- 
atmospheric pressure. Each frame shows the results for a separate subject. 


During the second 5 min, exposure to — 50 mm Hg caused, in all subjects, a 
slight increase in heat elimination. Exposures to — 100 mm Hg had very little 
effect. At — 150 and —200 mm Hg, three subjects showed little alteration or a 
slight increase; the other three showed a marked decrease. At —250 mm Hg 


- in two of the four subjects tested heat elimination was much higher than at 


—200 mm Hg. 

Sensations. Pressures of —50 and — 100 mm Hg were hardly noticed by the 
subject, a pressure of — 150 mm Hg caused a slight feeling of distension, and 
pressures of ~200 and —250 mm Hg caused a deep ache for 1 min or so, 
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- unpleasant than those from the hands (Coles & Greenfield, 1956) during 
exposure to similar subatmospheric pressures. 

Appearances. On a few occasions the foot was removed from the metal box 
as soon as possible (about 1 min 30 sec) after exposure to subatmospheric 
pressures. After — 100 mm Hg it was little different from the control foot, but 
after —200 mm Hg it was bright red, and remained so for a few minutes. 
Petechial haemorrhages were seen over the dorsum of the foot in some subjects 
after — 150 and — 200 mm Hg and in all after — 250 mm Hg. 
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mm Hg below atmospheric pressure 
Fig. 3. Heat elimination % from the toes during the second 5 min of exposure to 
subatmospheric pressure. 


Volume changes. In some experiments on two of the subjects (D.R.C. and 
A.D.M.G.) the volumes of the feet were measured before entering the calori- 
meters and again as soon as possible after exposure to subatmospheric pres- 
sures. The volume of the foot was measured by water displacement using a 
method similar to that described for the finger by Harrison, Topley & Lennard 
Jones (1949). The standard error of the method was 0-62%. The results of the 
experiments are shown in Fig. 4. There was no significant increase in the volume 
of the control foot. The volume increase following —100 mm Hg was for 
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D.R.C. 3% and for A.D.M.G. 15% and after —200 mm Hg 5 and 4% 
respectively. For comparison the percentage volume increase for the hand 


following exposures to — 100 and —200 mm Hg are also shown. The values 
obtained for the feet are much lower than those for the hands for both of the 


subjects. 


Percentage increase in volume 


Fig. 5 


40 


0 


$ 


1 200 
mm Hg below atmospheric pressure 
Fig. 4. Percentage increase in the volume of the hands and feet 2 min after exposure for 10 min 


to subatmospheric pressures. Hands: ©, D.R.C.; (, A-D.M.G. Feet: @, D.R.C.; gg, 
A.D.M.G. 


Heat elimination (%) 
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Fig. 6 


Fig. 5. Arrangement for exposure of the ankle only to subatmospheric pressure. 
Fig. 6. Heat elimination % from the toes during the second 5 min of exposure of the ankle only 
subatmnospheric pressure: ©, D.R.C.; @, A.D.M.G. 
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Did the rubber sleeve restrict the circulation at the ankle? In some experiments 
on two of the subjects the ankle only was subjected to subatmospheric pres- 
sures by an arrangement shown in Fig. 5. The pressure was reduced in an 
annular chamber sealed to the leg above by the usual rubber sleeve, and to the 
ankle below by a second rubber sleeve. The usual sleeve had the same oppor- 
tunity as in the normal experiments to restrict the circulation but it was found 
that the application of —100 and —200 mm Hg to the ankle was without 
appreciable effect on the heat elimination from the toes (Fig. 6). It was 
concluded, therefore, that there was little or no mechanical restriction of the 
circulation by the rubber sleeve. 


DISCUSSION 


The observed changes in the rate of heat elimination could be caused in two 
main ways, by alterations in heat clearance, or by alterations in blood flow. 


Alterations in heat clearance 

Variations in the temperature of the arterial blood arriving at the toes. Since 
both legs were equally heated and insulated down to the toes in the calori- 
meter, precooling or preheating of the arriving arterial blood was presumably 
symmetrical and therefore without effect on the ‘heat elimination %’. In 
practice the heating current was adjusted to a value which maintained the 
skin temperature of the toes, when not immersed in the calorimeters, at about 
37° C. The toes form such a small part of the whole limb that the cooled blood 
returning in the veins from the toes in the calorimeters can have little effect on 
the temperature of the arriving arterial blood. 

Formation of oedema fluid. The oedema fluid, remaining in the limb, had 
rather better opportunity for heat exchange than the blood from which it was 
formed. The oedema fluid may have insulated the blood from the water in the 
calorimeter. Normally about 90% of the heat is cleared from the blood flowing 
through the finger immersed in water at 29-32°C. (Mendlowitz, 1941) and about 
80°% from blood flowing through the hands (Cooper et al. 1949). Phe tissue 
insulation is responsible for the failure to clear 10 and 20% respectively. Heat 
clearance from the toes has not been estimated, but assuming a figure of 80°, 
an increase of 10%, in tissue due to oedema fluid might be expected to raise 
the deficit from 20 to 22% and reduce the clearance only to 78%. In the present 
experiments oedema fluid was always less than 10% of the total foot volume; 
the degree of oedema of the toes was always less than that in the whole foot. 
A further point is that the subject (D.R.C.) with the greater oedema formation 
had the lesser reduction in heat elimination on exposure to —100 and 
— 200 mm Hg. 
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Alterations in blood flow 

The immediate effect of local exposure to subatmospheric pressure is to 
increase the differential pressure between the lumen of the blood vessels and 
the surrounding air and toincrease the transmural pressure of the blood vessels. 
There is evidence that during such exposures the net perfusion pressure remains 
unaltered (Greenfield & Patterson, 1954). Subsequent adjustments may modify 
the transmural pressure but make little difference to the net perfusion pressure. 
Alterations in blood flow in the present experiments, which may be inferred 
from alterations in the rate of heat elimination, indicate alterations in resis- 
tance to blood flow. Resistance to blood flow may be altered in two main 
ways; by resistance at the ankle seal, which has already been excluded (Fig. 6), 
and by reactions of the resistance vessels. Resistance to flow may be altered by 
changes in the calibre of the resistance vessels due to active constriction or 
passive distension. It is suggested that such changes are primarily responsible 
for the alterations in “heat elimination °/,’ now reported. When the transmural 
pressure was increased by exposure to — 50 and — 100 mm Hg there was little 
alteration in the calibre of the resistance vessels, and when it was increased by 
exposure to — 150 and — 200 mm Hg there was in three subjects little change 
from that seen at 0 mm Hg subatmospheric pressure, and in the three other 
subjects there was a vasoconstriction. With exposure to — 250 mm Hg in one 
of the four subjects tested there was a conspicuous dilatation of the resistance 
vessels. 

General discussion 

When a subject moves his leg from the horizontal to a dependent position, 
64 cm below the sternal notch, the calculated increase in the differential pres- 
sure between the lumen of the blood vessels of the toes and the surrounding air 
is about 50 mm Hg. England & Johnston (1956) have shown that under such 
conditions there is a slight but significant increase in the heat elimination from 
the toes. Fig. 7 shows the means for their observations and the means for all 
the present results. When the differential pressure is increased by 50 mm Hg 
either by dependency or by local exposure to subatmespheric pressures the 
‘heat elimination °%,’ is slightly increased. The present results show that further 
increases in the differential pressure act as follows. An increase of 100 mm Hg, 
which corresponds‘ approximately to standing upright, leaves the ‘heat 
elimination %’ almost unchanged, and an increase of 150 or 200 reduces the 
heat elimination. 

If the arguments for deducing changes in blood flow and in the calibre of the 
resistance vessels are accepted, it may be concluded that there is no very con- 
siderable alteration in the rate of blood flow or in vessel calibre until the dif- 
ferential pressureis increased by more than 100 mm Hg. Further increasesfrom 


150 to 200 mm Hg cause a decrease in blood flow owing to a vasoconstriction, 
12-2 
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which is especially marked in some individuals. It seems clear that when 
the transmural pressure is increased by increasing the differential pressure 
within a physiological range there is a local mechanism tending to stabilize 
resistance and opposing more or less successfully passive distension of the 
resistance vessels. 

Fingers and hands Toes 


Heat elimination (%) 


0 j L L i 1 
0 100 200 0 100 200 
Increase in differential pressure (mm Hg) 
Fig. 7. Effect of increase in differential pressure between vessel lumen and surrounding air on the 
heat elimination %: @, differential pressure increased by limb posture; ©, differential 
pressure increased by local exposure to subatmospheric pressure. Fingers, posture, Roddie 
(1955); hands, subatmospheric, Coles & Greenfield (1956); toes, posture, England & Johnston 
(1956); toes, subatmospheric, present experiments. The average heat elimination % at 
- 250 mm Hg is based on four observations of which only one was greatly increased. 


In Fig. 7 the results of observations upon the fingers by Roddie (1955) and 
the whole hand by Coles & Greenfield (1956) are also shown. The resistance 
vessels of the toes appear to have a greater ability to withstand large increases 
in transmural pressure than those of the hand. With increases in the differential 
pressure of 200 mm Hg there was a large vasodilatation in the hand, but none 
in the toes where vasodilatation was seen in only one of four subjects at 
—250 mm Hg. Coles, Kidd & Patterson (1956) have also shown that the 
resistance vessels of the calf appear to have this greater ability to withstand 
large increases in transmural pressure than the vessels of the forearm. 


SUMMARY 


1. Heat elimination from the toes of both feet has been measured during 
exposure of one foot to subatmospheric pressures of —50, —100, —150 and 
— 200 mm Hg for periods of 10 min. 

_ 2. The results have been adjusted to allow for general changes in the 
_ circulation revealed by observations on the control toes. 

_ 3. During exposure to — 50 mm Hg heat elimination was slightly increased. 
At —100 mm Hg it was almost unchanged. At —150 and — 200 mm Hg it was 
unchanged in three subjects and decreased in three others. 
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4. These observations are considered to indicate that there is an increase in 
the contractile force in the walls of the blood vessels concerned with resistance 
to flow in response to increases in transmural pressure produced by such 

to — 100, — 150 and ~—200 mm Hg. 

5. It is concluded that there is a local response tending to stabilize blood 
flow through the toes while the transmural pressure is increased by amounts 
commonly met with in everyday life. The present experiments throw no light 
on the mechanism. 


I wish to thank Professor A. D. M. Greenfield for his help and advice and the subjects for their 
co-operation. Part of the expenses for this investigation were defrayed by a grant to Professor 
Greenfield from the Trustees of the Sir Halley Stewart Fund. D. R. Coles holds a Medical Research 
Council Fellowship in Clinical Research. 
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FUNCTIONAL AND HISTOLOGICAL STUDIES OF THE VAGUS 
NERVE AND ITS BRANCHES TO THE HEART, LUNGS AND 
ABDOMINAL VISCERA IN THE CAT 


By E. AGOSTONI,* J. E. CHINNOCK,+ M. DE BURGH DALY,t 
J. G. MURRAY$ 


From the Departments of Physiology and Anatomy, University College London 
(Received 3 September 1956) 


Although a number of studies has been made on the distribution of nerve 
fibres in the vagus and its branches (Ranson, Foley & Alpert, 1933; Hein- 
becker & O’Leary, 1933; DuBois & Foley, 1936; Foley & DuBois, 1937; 
Daly & Evans, 1953; Evans & Murray, 1954a), few observations have been 
reported of differential sensory and motor counts in the nerve. DuBois & Foley 
(1936) determined the proportion of sensory and motor fibres in some of the 
cervical branches of the vagus. In a later paper (Foley & DuBois, 1937) they 
demonstrated that m the vagus nerve above the nodose ganglion in the cat 
the sensory group constituted 65-80% of the total fibre count. Daly & Evans 
(1953) studied the effects of electrical stimulation of the caudal cut end of the 
cervical vagus nerve in the cat after chronic division at various levels. Their 
_ results indicated that the motor functions of the vagus to the heart and 
bronchial musculature are conveyed by myelinated fibres, 2-4, in size, and 
also by non-myelinated fibres. Large numbers of myelinated fibres of all sizes 
(1-14,4) and non-myelinated fibres in the thoracic vagus and its cardiac and 
bronchial branches survive chronic intracranial vagotomy and are therefore 
afferent in function. A similar study was made in the rabbit by Evans & 
Murray (19544). In this species, the motor functions of the vagus to the lungs 
are served almost entirely by non-myelinated fibres; afferent fibres are 
composed of myelinated fibres of all sizes (1-12) and by a few non-myelinated 
fibres. These authors demonstrated further that the vagus nerves as they enter 
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FIBRE COMPOSITION OF CAT VAGUS 183 
the abdomen contain about 26,000 fibres of which probably less than 10% 


are motor. 


Th> present investigation extends the work of Daly & Evans (1953) and 
Evans & Murray (19544), and was undertaken with the following main objects 
in view: 

(1) To obtain information on the total number of fibres in the cervical and 
thoracic vagus nerves and vagal branches to the heart, lungs and abdominal 
viscera, 


(2) To differentiate between afferent and efferent components of the nerves . 


as regards fibre number and the range of fibre diameter contained in each 
functional group. 

METHODS 
Fasting cats, varying in weight from 1-7 to 4-2 kg, were anaesthetized with either a mixture of 
chloralose (0-05 g) and urethane (0-5 g/kg body weight, intraperitoneally) or pentobarbitone 
sodium (Nembutal, Abbott Laboratories, 40-45 mg/kg). Two animals were decerebrated after 
induction with ether. 

The trachea was cannulated and both cervical vagosympathetic nerves were dissected into 
their component parts, the vagus and sympathetic. In all experiments this was performed 
without any difficulty. The nerves were then divided at the level of the thyroid cartilage. The 
stump of each nerve was cleared of fascia for a length of about 1-5cm. Current spread was 
prevented by having the nerves ‘air borne’ on the electrodes made of platinum wire shielded with 
Perspex. An Attree (1950) stimulator was used giving independent control of the voltage, 
duration and frequency of the rectangular pulses. The range of parameters of the electrical stimuli 
applied to the nerves was 1-25 V, 0-4—1 msec pulse duration and 5-50 o/s. 

Movements of the stomach were measured by recording the volume changes in the organ at 
constant pressuro. For this purpose, a polythene tube, 3 mm bore, was passed through the 
mouth until an estimated 6 cm was in the stomach. The stomach was then filled with warm 
0-9 %, (w/v) NaCl solution and connected to a 500 ml. Marriotte bottle, the fluid level of which was 
adjusted to approximately 4 cm above the anterior abdominal wall. The open end of the Marriotte 
bottle was connected to a Marey tambour fitted with a loose ruabber membrane. 

Movements of the duodenum were measured by means of a fluid-filled balloon connected by a 
polythene tube to a second Marriotte bottle and recorded with a 3 ml. volume recorder. The fluid 
level in the Marriotte bottle was adjusted to approximately 10 cm above the anterior abdominal 
wall. The abdomen was opened in the mid line and the balloon inserted through a small incision 
in the wall of the gut at the level of the ileo-duodenal ligament and passed up the duodenum 
towards the stomach until ite tip lay 2-5 om from the pylorus. The tube was then tied in place 
at its entry into the duodenum. In several experiments tests were made to ensure that movements 
recorded in the stomach and duodenum were not artifacts through an effect in one mechanically 
influencing the other or through changes in intra-abdominal pressure caused by respiratory 
effects. These included making records of movements after clamping the pylorus and after 
paralysing the skeletal musculature with decamethonium. Measurements of oesophageal move- 
ments were made with a balloon inserted through the mouth. Systemic blood pressure was 
recorded from the femoral artery by means of a mercury or Hiirthle membrane manometer. 
Measurements of heart rate were made from the blood-pressure tracing taken on fast-moving 
paper. 

The following drugs were used in this investigation : eserine sulphate (Burroughs Wellcome and 
Co.), atropine sulphate (British Drug Houses) and decamethonium iodide (‘Eulissin’, Allen and 
Hanburys Ltd.). 
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Nerve division 

Four series of experiments involving chronic division of the vagus nerves were carried out under 
pentobarbitone sodium (35-40 mg/kg body weight, intraperitoneally) with full aseptic precautions : 
(1) infranodose vagotomy, in which 1 cm of the cervical vagus nerve was removed immediately 
below the nodose ganglion—in some experiments the adjacent cervical sympathetic nerve was 
removed as well; (2) supranodose (extracranial) vagotomy, where the vagus nerve, and usually the 
postganglionic sympathetic trunk, was cut between the skull and the nodose ganglion; in no case 
was the section made less than 3 mm from the nodose ganglion; (3) intracranial vagotomy, in 
which the vago-accessory rootlets were divided under direct vision with an electrocautery, using 
the surgical approach described by Daly & Evans (1953); and (4) bilateral vagotomy. 

The number of adventitial fibres in the abdominal branches of the vagus was investigated by 
producing degeneration of both motor and sensory fibres in the left and right vagus nerves. The 
cervical vagus nerve was cut immediately below the nodose ganglion on one side. Five to ten days 
later the opposite vagus was cut immediately below the origin of the recurrent laryngeal nerve 
from the vagus, using a transthoracic approach. To determine the number of sensory fibres in the 
abdominal vagus nerves contributed by one cervical vagus nerve, the left cervical vagus nerve 
above the nodose ganglion and the right thoracic vagus below the origin of recurrent laryngeal 
were divided in two operations. In both groups other suspected thoracic vagal branches were also 
divided at the same level. 

In groups 1-3 above, all the nerve divisions were carried out on one side only and the acute 
experiments were performed 14-28 days later. In the bilaterally vagotomized group, the animals 
were killed 26-30 days after the first operation. A post-mortem examination for any intact vagal 
rootlets was made in the animals subjected to intracranial vagotomy. As an additional check on 
the completeness of nerve fibre degeneration in animals subjected to chronic nerve division, routine 
testa were made by electrically stimulating the cranial cut ends of the cervical vagus and 
sympathetic nerves below the level of the original division. Any effects of the vagus on the heart 
rate, blood pressure or respiration caused reflexly or of the sympathetic on the pupil or nictitating 
membrane, were noted. 


Histological 

After the physiological investigations outlined above were completed, portions of the vagus 
nerves and their branches on the operated and control sides were removed for histological! 
examination. Relevant portions of the vagus nerves were also obtained from four normal cats. 
For study of myelinated fibres the nerves were placed on cardboard frames in a lightly stretched 
condition and fixed for 24 hr in Flemming’s fluid (1% chromic acid, 15 ml. ; 2% osmic acid, 4 ml. ; 
glacial acetic acid, 1 drop). The nerves were sectioned transversely (5 thickness) after paraffin 
embedding and stained by a modified Weigert technique (Gutmann & Sanders, 1943). The 
sections were photographed at a magnification of x 750 directly on bromide paper and the outside 
diameter of the myelinated fibres measured and classified into 2 » groups. Measurements were 
made by means of a Perspex sheet on which were imprinted circles in a sequence of increasing 
diameter. As each fibre was measured it was pricked with a needle connected to an electric 
counter. Details of this method have been described by Evans & Murray (1954a). 

For staining all axons, both myelinated and non-myelinated, the pyridine-silver method was 
used (Ranson & Davenport, 1931). On completion of the staining process with silver nitrate, the 
nerves were embedded in paraffin and cut transversely at 2 u thickness. Estimates of the total 
number of axons in pyridine-silver preparations were made by a sampling method. The counts 
were made with a binocular microscope at a magnification of 1200 diameters with a one square 
millimetre graticule in one eyepiece. Statistical analysis showed that the counting of 20-30% of 
the total area gave a sufficiently consistent and therefore adequate estimate of the total cunt. 
For example in the cervical vagus, as much as 30%, of the total area of each segment of the nerve 
was counted owing to the unevenness of fibre distribution, whereas in the abdominal vagus nerves 
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FIBRE COMPOSITION OF CAT VAGUS 185 
20% was found to be sufficient. Further details of this method are discussed by Evans & Murray 
(19546). 


The fibre composition was investigated of control and operated vagus nerves in the cervical 
region, upper part of the thorax, bronchial and cardiac branches and at the level of the diaphragm. 
Sections of the cervical vagus were taken 1-2 cm caudal to the thyroid cartilage, of the thoracic 
vagus at a level midway between the arch of the aorta and the hilum of the lung. 


RESULTS 
Effects of electrical stimulation of the cervical vagus nerve 

Control tests. In twelve experiments made on cats anaesthetized with either 
Nembutal or a mixture of chloralose and urethane, electrical stimulation of 
the caudal cut end of either cervical vagus nerve caused a fall in blood pressure, 
slowing of the heart and contraction of the stomach and duodenum. Similar 
responses were obtained in two decerebrate preparations. In two of the 
experiments responses of the oesophagus were recorded and, in both, con- 
tractions were observed on stimulation of the cervical vagus nerve on either 
side. The magnitude of the effects of vagal stimulation on the two sides was 
not always equal nor did the results show that stimulation of either the right 
or the left nerve was consistently more effective in producing these responses. 
In most experiments eserine was injected to potentiate the effects of vagal 
stimulation. In the control series, eserine in doses of 50-120 ug/kg was given 
in eleven experiments. Contraction of the stomach in response to cervical 
vagus nerve stimulation was enhanced in ten of the experiments and of the 
duodenum in eight. In the experiments to be described in which one vagus 
was chronically divided, the absence of any response to vagus nerve stimu- 
lation on the operated side in eserinized preparations, when a pronounced 
effect occurs on the control side, is unlikely to be due to any cause other than 
degeneration of motor fibres in the nerve. 

Infranodose cervical vagotomy. In five experiments 1 cm of the cervical vagus 
nerve immediately below the nodose ganglion on one side was removed 
20-28 days previously. In two of these an adjacent length of the sympathetic 
nerve was excised. Stimulation of the caudal end of the cut cervical vagus 
nerve on the normal side caused a bradycardia, fall in blood pressure and 
contraction of the oesophagus, stomach and duodenum in five experiments. In 
none of the experiments were these effects observed on the viscera in response 
to stimulation of the vagus on the operated side. The results were the same 
whether the operation was carried out on the left or right side and are 
summarized in Table 1. It will be noted, however, that whereas vagus nerve 
stimulation on the operated side did not alter the blood pressure in four 
experiments, a rise in pressure of 12 mm Hg occurred in the remaining one 
(no. 27). This response was unaffected by eserine but it disappeared later in 
the experiment before the effect of atropine could be tested. It could be the 
result of stimulation of undegenerated vagal fibres but this explanation seems 
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unlikely in view of the fact that electrical stimulation of the cranial end of the 
vagus of the same side before acute division of the contralateral vagus had no 
reflex effect on either blood pressure or heart rate. On the other hand, this 
rise in blood pressure might be due to the presence of sympathetic fibres in the 
vagus. In this connexion, it was found that stimulation of the caudal end of 
the cervical sympathetic nerve of the same side also caused a rise in blood 
pressure, but no effect on the viscera. A similar response was observed by 
Daly & Mount (1951) in preparations subjected to chronic cervical vago- 
sympathectomy. 
Taste 1. The effect upon blood pressure (n.P.), heart rate (u.z.) and movements of the stomach (S), duodenum (D) 


oesophagus (Oes) of stimulating the caudal cut end of the cervical vagus nerve: the nerve was cut at various 
14-30 days before testing. L, left side; R, right side; +, response to stimulus; 0, no effect; —, not tested 


Responses 
Normal side Operated side 
Expt. Operated c A A 
no. side (days) D Oe sr. wR. 8S 
Infranodose vagotom 11 R 27 + + + + 
15 L 20 + + + + 
16 R 22 + + + + +5: -§ 
Infranodose vago- 26 L 27 + + + + 
sympathectomy 27 L 28 + + + + 
Supranodose vagotomy 18 L 15 + 
Supranodose vago- 24 R 15 + + + + ee ee Oe 
sympathectomy 29 L 21 + + + + 
32 L 19 + + + + 
Combined 33 (a) L 28 - - 
Intracranial vagotomy 39 L 14 + + + + - 0 0 0 0 
40 L 24 + + + + ee B® 0 


* Slight rise in s.r. + Inhibition of stomach. 


Supranodose (extracranial) vagotomy. The results of stimulation of the caudal 
end of the cut cervical vagus nerve in five cats are summarized in Table 1. 
Responses to stimulation of the cervical vagus on the normal side were 
indistinguishable from those in the controls. On the operated side, cervical 
vagus stimulation caused no effect on heart rate, blood pressure or on the 
abdominal viscera, even after eserine. These results confirm those of McSwiney 
& Spurrell (1933), Richardson & Hinsey (1933), Heinbecker & O’Leary (1933), 
Daly & Evans (1953) and of Evans & Murray (1954a) so far as the effects on 
the heart and blood pressure are concerned. 

Intracranial vagotomy. The results obtained in two cats on stimulation of the 
caudal end of the cervical vagus nerves confirm those of Daly & Evans (1953) 
and of Evans & Murray (1954a). Normal effects were obtained on the contro! 
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side but no effect on heart rate, oesophagus, stomach or duodenum on the 


operated side, In one experiment (no. 40, Table 1), a small rise in blood 
pressure was Observed (Text-fig. 1). 


Combined cervical and thoracic vagotomies. Chronic division of the cervical 
vagus nerve on one side and of the thoracic vagus on the other was carried out 
on four cats. The results of stimulation of the cervical vagus nerves were more 


variable than those described in the foregoing paragraphs and are summarized 
in Table 1. 


~ 


Right vagus Left vagus Left vagus 
Text-fig. 1. Cat no. 40, 9, 3-5 kg. Left intracranial vagotomy carried out 24 days previously ; 
chloralose-urethane; both cervical vagus and sympathetic nerves cut. Records from above 
downwards: movements of the stomach, movements of the duodenum, and systemic blood 
pressure; time marker, 5 sec. Stimulation of the caudal cut end of the cervical vagus nerve 


on the right side (a) and on the left side (6 and c): stimulations 5 V, 1 msec, 50 c/s. 


In only one experiment (no. 33) were the motor effects of stimulation of the 
caudal ends of the cervical vagus nerves entirely absent. In one other (no. 41), 
@ rise in blood pressure of 45 mm Hg occurred on stimulation of the left 
cervical vagus which had been divided below the nodose ganglion 28 days 
earlier (Text-fig. 2a, c). This hypertension was unaffected by atropine, 
suggesting that it was due to stimulation of sympathetic vasomotor fibres 
running in the vagus. However, no effect on the heart rate, stomach or 
duodenum was observed on stimulation of either vagus. This experiment was 
of interest in one other respect. Stimulation of the cranial end of the cut left 
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cervical sympathetic nerve caused dilatation of the pupil, contraction of the 
nictitating membrane and a considerable fall in blood pressure. A post- 
mortem examination on this cat revealed that when the cervical vagus and 
sympathetic nerves were separated, the aortic nerve was included with the 
sympathetic nerve. Histological evidence for the aortic nerve running in the 
cervical sympathetic nerve has also been obtained (see below). 


Right vagus 


Left vagus Right ‘Left 
sympathetic 
Text-fig. 2. Cat no. 41, 9, 2-1 kg. Right thoracic vagotomy and left cervical (infranodose) 
vagotomy carried out, respectively, 21 and 28 days previously; chloralose-urethane; both 
cervical vagus and sympathetic nerves cut. Records from above downwards: movements of 
the stomach, movements of the duodenum, and systemic blood pressure; in c and d, only the 
blood pressure record is shown; time marker 5 sec. a and ¢, stimulation of the caudal end 
of the left cervical vagus nerve; 6 and d, stimulation of the caudal end of the right cervical 
vagus nerve; records c and d were taken on a faster paper and show that, during vagus nerve 
stimulation, there was no change in heart rate (216 beats/min); ¢ and f, stimulation of the 
caudal end of the right and left cervical sympathetic nerves respectively: all stimulations 
5 V, 1 msec, 50 c/s. : 


In Expt. 37 (Table 1), the bradycardia and fall in blood pressure occurring 
in response to stimulation of the cervical vagus on the side subjected to chronic 
division of the thoracic vagus suggest that some cardiac efferent fibres 
remained undegenerated. This is hardly surprising because many cardiac 
branches leave the vagus above the level at which the thoracic vagus was 
divided. This probably also explains the cardiac effects observed on stimu- 
lation of the right cervical vagus in Expt. 38 (Table 1). Stimulation of the 
left cervical vagus in this experiment slowed the heart from 240 to 230 beats per 
minute, an effect which was potentiated by eserine and abolished by atropine. 
Despite these cardiac effects, the responses of the oesophagus, stomach and 


Left vagus Right vagus 
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duodenum on stimulation of the cervical vagus nerves were entirely absent 
except on the left side in Expt. 37 in which an inhibition of the stomach 
occurred. MeSwiney & Spurrell (1933) occasionally observed a similar effect 
after supranodose vagotomy. 

Our results indicate, therefore, that when the cervical vagus nerve is 
chronically divided below the nodose ganglion all efferent vagal fibres to the 
heart, oesophagus, stomach and duodenum degenerate. Similar results are 
obtained if the level of the division is made above this ganglion, indicating 
that the cells of origin of these fibres are within the central nervous system. 


Cervical Histological findings 

All specimens of the cervical vagus were obtained at a level 1-2 cm caudal 
to the lower border of the thyroid cartilage. The vagus nerves selected for fibre 
counts did not contain the aortic nerve. Transverse sections of normal nerves 
stained by the Weigert method show that numerous myelinated fibres of 
varying sizes are distributed throughout the nerve (PI. 1, fig. 1). A peripheral 
segment of the nerve, occupying slightly less than a quarter of the total area, 
contains predominantly large myelinated fibres (Pl. 1, fig. 1). These large 
fibres are eventually distributed in the recurrent laryngeal nerve and are motor 
to the intrinsic laryngeal muscles (Murray, 1957). In a high-power view of the 
nerve stained by the pyridine-silver technique, the areas between the myelin- 
ated fibres are shown to contain densely packed groups of non-myelinated 
axons (PI. 1, fig. 2). It is clear that there are many more non-myelinated than 
myelinated fibres. 

Table 2 gives counts in normal nerves of the total number of fibres 
(myelinated and non-myelinated). In six specimens the average number of 
fibres was 30,420 + 703. Table 3 shows the number of myelinated fibres (mean 
of 5 specimens 4915 + 67) and their size-frequency distribution. Comparison 


Taste 2, Estimates of the total number of axons (myelinated and non-myelinated) in the 
cervical vagus nerve, In this and in subsequent tables, L (left) and R (right) denote the side 
from which the nerve was obtained 


specimen axons 
A. Normal 12B L 31,179 
1i2G R »725 
L 28,643 
R 33,415 
21A L 29,141 
39F R 30,417 
B. Supranodose tom 2B R 23,948 
28,143 
32B L 20,173 

26, 
C. Intracranial vagotom 39B L 21,723 
L 25,442 
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of the fibre counts in Tables 2 and 3 indicates that only about 16% of the 

total fibre content is myelinated, the remainder being non-myelinated. 
‘The two procedures of supranodose (extracranial) and intracranial vagotomy 

produced similar degenerative changes in the cervical vagus nerves. These 
effects are illustrated in Tables 2-4, Text-fig. 3, and in Pl. 1, figs. 3, 4, and 
may be summarized as follows: 

(1) The obvious degenerative changes are confined to the peripheral 
segment containing the large myelinated fibres. All these fibres disappear 
(PL. 1, fig. 3), and this is a constant finding in the nerves on the operated side. 
The remaining segment of the nerve shows little deviation from normal in 
fibre density, but there is consistently a small loss particularly in localized 
areas (Pl. 1, fig. 4). 


(a) Normal (b) Supranodose vagotomy 
2000 | 2000 | | 
1500 1500 
1000 5 1000 
500 500 
46 8 10121416 18 4 9012 141618 
Diameter (x) Diameter (u) 


Text-fig. 3. Histograms showing the number of myelinated fibres of different sizes in cervical 
vagus trunks (a) in a normal nerve and (6) after supranodose vagotomy. 


(2) Fibre counts of the whole nerve show that a proportion of both myelin- 
ated and non-myelinated groups degenerate. From counts made in pyridine- 
silver preparations, about 6000 or 20%, of the total number of fibres degenerate 
and may therefore be considered to be efferent (Table 2). The myelinated and 
non-myelinated fibres which degenerate are affected in different proportions. 
About 40% of the myelinated but only about 15% of the non-myelinated 
fibres degenerate. 

(3) A study of Tables 3 and 4 shows that degeneration of myelinated fibres 
has affected mainly the large and small diameter groups. Practically all the 
fibres above 12 » in diameter and about 40-50% of the fibres between 8 and 
12 » have degenerated. These large myelinated fibres, contained in a peripheral! 
segment of the normal nerve, represent the motor innervation of the intrinsic 
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laryngeal muscles and have their nerve cells in the medulla (Murray, 
1957) (Pl. 1, figs. 5, 6). 

Tables. 3 and 4 also show that a considerable proportion of the small 
myelinated fibres (below 6 in diameter) degenerate after supranodose 


(extracranial) or intracranial vagotomy. There is a reduction in the number of 
fibres in this diameter group from a mean of 3810 in the normal to 2183 after 

supranodose vagotomy and 1943 after intracranial vagotomy (Table 4). This 


, indicates that 40-50% of the small myelinated fibres are motor and have their 
> ell bodies within the central nervous system. 


Tasxz 3. Size-frequency distribution of myelinated fibres in the cervical vagus nerve and in the aortic nerve 
No. of fibres in diameter groups of 2 » 


4-6 6-8 810 10-12 12-14 14-16 16-18 18-20 Total 


Cervical vagus nerve 
Normal 
BA L 491 1614 1707 612 254 129 71 5 7 0 4890 
WF R 385 1306 2239 591 343 164 93 21 ll 0 5153 
BA L 439 2145 1314 491 214 185 31 6 0 4923 
20 L 454 1459 1722 571 267 171 68 34 3 0 4749 
BE R 530 1351 1896 555 268 144 81 24 12 0 4861 
Supranodose 
4A R 195 875 1029 594 11 0 0 0 0 2885 
2A L 261 584 223 101 0 0 0 0 2980 
SA L 281 1012 624 125 0 0 0 0 3128 
(4A L 298 1014 921 569 128 0 0 0 0 2988 
Intracranial y 
9A L 135 688 968 481 lll 37 3 0 0 0 2423 
40 B 220 984 890 673 65 0 0 0 2959 
Aortic nerve 
Normal 
BA L 21 73 69 5 112 54 8 0 0 0 337 
2¢ L 16 62 20 28 48 97 0 0 0 0 271 
Supranodose vagotomy 
2A L 19 78 34 27 12 85 4 0 0 0 319 
4A L 31 83 57 ll 121 62 2 0 0 0 367 


TasLe 4, Comparison of the mean number of small (0-6 y), medium (6-12 ,), and large 
(12-20 x) diameter myelinated fibres in control and operated cervical vagus nerves 


\- Animal group 12-204 Total 
Normal 3810 oe 
Su 2183 81 


The majority of myelinated fibres of medium size (6-12 ~ in diameter) 
remain after supranodose division of the vagus. Some reduction in their 
number was to be expected as about 200 fibres of 8-12 » diameter are normally 
“ found in the laryngeal bundle of the recurrent laryngeal nerve (Murray, 1957). 
e | All such fibres are motor and degenerate in the operated nerves: When these 
d motor fibres are excluded, it may be seen from the data supplied in Table 4 
al _ that the great majority and possibly all of the remaining fibres in the 6-12 
ic range have their cell bodies in the nodose ganglion and are therefore afferent. 
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(4) In the present investigation portions of normal nerves consisting of the 
vagal rootlets, jugular and nodose ganglia and the interganglionic nerve trunk 
were fixed in Bouin’s fluid and stained by the Bodian method. Serial longi- 
tudinal sections showed that there were a few scattered ganglion cells in the 
interganglionic trunk but none cranial to the jugular ganglion. Examination 
of the cervical vagus after supranodose (extracranial) vagotomy showed that 
the number of fibres remaining was no less than after intracranial vagotomy 
(Tables 2-4). 

Such findings suggest that the number of ganglion cells in the interganglionic 
trunk and in the upper pole of the nodose ganglion damaged by supra- 
nodose vagotomy was insignificant. That few cells in the upper pole of the 
nodose ganglion were damaged by this operative procedure was confirmed 
histologically. 

In experiments involving chronic infranodose vagotomy, examination of the 
cervical vagus caudal to the division shows that there invariably remain several 
hundred non-myelinated fibres. In spite of their presence, no function was 
recorded on electrical stimulation of the nerves in the majority of cases 
(Table 1). However, in two of the animals (nos. 27 and 41 in Table 1) subjected 
to chronic infranodose vagotomy, a slight rise in blood pressure was elicited 
on stimulation of the caudal end of the cut cervical vagus nerve. Histological 
examination of these nerves showed that in addition to non-myelinated fibres, 
there were respectively 96 and 53 myelinated fibres of small calibre (4—6 ,) 
(Pl. 1, fig. 7). 


Aortic (depressor) nerve ! 

For histological examination, the vagus, sympathetic and aortic nerves in 
the cervical region were not dissected free from each other in many instances 
but were cut transversely as one block. Frequently at this level the aortic 
nerve, although closely applied to the vagus trunk, had a sheath of its own and 
could have been dissected from the vagus. The aortic nerve in the form of a 
separate bundle is shown in Pl. 2, fig. 10. It was characterized by containing 
two relatively discrete groups of myelinated fibres, one with a peak at about 
10 » and the other about 4 in diameter (Text-fig. 4). Table 3 gives the 
numbers and sizes of myelinated fibres in typiéal aortic nerves running as 
separate bundles in two normal specimens and in wo after supranodose 
vagotomy. In these nerves there were respectively 87, 172, 152 and 106 non- 
myelinated fibres. There was no evidence of degeneration of fibres after supra- 
nodose vagotomy and the probability is that all the fibres in the aortic nerves 
are afferent. In ten specimens of the cervical vagus examined, the aortic nerve 
was a separate bundle in six instances. In three cases, the aortic nerve was 
included within the vagus trunk and had no sheath of its own. This could be 
readily observed by the presence of a characteristically discrete group of 
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myelinated fibres of about 10 in diameter not usually found within the 
vagus nerve and by the absence of the aortic nerve as a separate bundle 


(Pl. 1, fig. 1). Similarly, in one specimen the aortic nerve was recognized 
running within the cervical sympathetic nerve. 


1005 
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Text-fig 4. Histogram showing the number of myelinated fibres 
of different sizes in a normal aortic (depressor) nerve. 


Upper thoracic. vagus 

The thoracic vagus nerve, between the arch of the aorta and the hilum of 
the lung on the left side or at the equivalent level on the right, is in the form 
of a single trunk and runs unbranched for a distance of 1~1-5cm. A point 
midway between the arch of aorta and hilum of the lung will be referred to as 
the ‘mid-point’. All cardiac branches are usually given off cranial and all 
bronchial branches caudal to this point. By comparing the number and size 
of the fibres in the cervical vagus with those at the mid-point in the thoracic 
vagus, a useful check can be obtained of the fibres distributed in vagal 
branches such as the recurrent laryngeal, cardiac and oesophageal nerves 
which are given off cranial to this point. Similarly, the counts of the fibres at 


poe and abdominal viscera. 
The vagus nerve at the mid-point of the thoracic vagus contains numerous 
myelinated fibres and a considerably larger number of non-myelinated fibres. 
Table 5 gives the total number of fibres in normal nerves and in nerves after 
supranodose (extracranial) or intracranial vagotomy. The average count in 
13 PHYSIO. OXXXV 


e aa 
Cc 80 
c 
4 
8 
d 
Dy 


194 E. AGOSTONI AND OTHERS 


four normal nerves was 24,497 +588 and in four specimens after supranodose 
or intracranial vagotomy, 20,895 + 669. This indicates that there are about 
3000-4000 efferent and 20,000 afferent fibres in the vagus at this level. 

A study of Table 6 reveals the changes in the myelinated fibre content of 
the thoracic vagus produced by supranodose vagotomy. The total number of 
myelinated fibres falls from a mean of 2371 + 80 to a mean of 1717 +61 after 
these operative procedures, The most striking change, as found by Daly & 
Evans (1953), is the reduction in the number of fibres in the 2-4 y group. 
_ Thus, altogether 600-700 myelinated fibres, all below 4 » in diameter, are 
efferent. The myelinated fibres which remain, about 1700, are afferent and 
range from 1-14 » in diameter. The majority of the myelinated fibres at the 
mid-point are eventually distributed in the bronchial branches. 


TaBLe 5. Estimates of the total number of axons (myelinated and non-myelinated) in the 
thoracic vagus at a level midway between the arch of the aorta and the hilum of the lung 


Animal and Estimated 


specimen axons 
Normal 120 L 24,143 
R 24,418 
19P L 23,315 
39P R 26,113 
Supranodose vagotomy 2P R 19,146 
220 L 22,141 
20,543 
Intracranial vagotomy 40F L 21,751 


Cardiac branches. From a comparison of the fibre population of individual 
normal cardiac branches with those after supranodose or intracranial vago- 
tomy, it was clear on microscopic examination that by far the larger proportion 
of fibres remained after these operations (PI. 2, figs. 8, 9). In pyridine-silver 
stained nerves, however, small areas were observed where nerve fibres had 
degenerated. In two animals (nos. 19 and 21), the total number of fibres in all 
normal cardiac branches was 3017 and 2795 respectively. In two operated 
animals (nos. 29 and 34) there remained 2541 and 2376 fibres respectively after 
chronic supranodose vagotomy. Thus it appears that about 500 fibres in the 
cardiac vagal branches are efferent and slightly more than 2000 are afferent. 

The total number and fibre size of myelinated fibres in the same nerves are 
given in Table 6. There appears to be no reduction in the myelinated fibre 
counts after supranodose vagotomy. This suggests that the great majority of 
the 500-700 myelinated fibres ranging from 1 to 12 uw in diameter are afferent. 
This is in agreement with the findings of Daly & Evans (1953). However, of 
the considerable number of individual cardiac branches examined after supra- 
nodose or intracranial vagotomy, sections taken from five branches an: 
stained by the Weigert method showed a few scattered myelin droplets. This 
suggests that a:small number of myelinated fibres had degenerated and were 
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therefore efferent. Because of the variation in the numbers of myelinated 
fibres in cardiac branches, the loss of a small number after supranodose 
vagotomy may well not be reflected in the few counts made. 


Tae 6, Size-frequency distribution of myelinated fibres in the thoracic vagus nerve at a level 
between the arch of the aorta and hilum of the lung, in all cardiac branches and in all 
bronchial branches on one side 


No. of fibres in diameter groups of 2 


specimen 46 6-8 8-10 10-12 12-14 = Total 
Thoracic 
Normal 
1220 L 256 841 560 423 110 37 0 2227 
12P R 177 804 563 472 112 34 0 2162 
90 «€«©L 294 1219 613 322 91 51 0 2590 
210 L 234 1012 581 409 123 48 0 2407 
39Q R 276 940 688 397 133 36 1 2471 
. Supranodose vagotomy 
240 R 85 492 544 340 139 53 0 1653 
22N L 128 526 619 379 151 88 0 1891 
32N L 61 384 692 454 176 42 1 1810 
34N L 96 512 609 368 149 48 1 1783 
Intracranial vagotomy 
390 L 102 356 578 318 123 22 0 1499 
mE L 63 456° 574 373 151 60 0 1677 
Cardiac branches 
Normal 
19 L ON 158 249 88 12 l 0 
21 L 43 125 274 107 s 0 0 557 
Supranodose vagotomy 
29 L 24 198 211 187 32 3 0 
34 L 56 133 12 0 0 602 
Bronchial branches ' 
Normal 
19 L 72 474 455 287 128 42 5 1463 
21 L 83 554 437 262 148 75 3 1562 
| Supranodose vagotomy 
29 L 17 252 443 284 145 77 4 1222 
34 L 33 312 461 293 134 61 2 1296 


Bronchial branches. These are usually two or three large branches with a few 
smaller filaments arising just caudal to the mid-point in the thoracic vagus. 
The branches contain myelinated and a considerably larger number of non- 
myelinated fibres (Pl. 2, fig. 11). As in the case of the cardiac branches stained 
by the pyridine-silver technique, examination of individual bronchial branches 
showed that a relatively small proportion of fibres degenerated after supra- 
nodose or intracranial vagotomy. In two animals (nos. 19 and 21) the total 
number of fibres contained in all the bronchial branches was 6145 and 5822 


-Tespectively. After supranodose vagotomy, the counts in two’ animals 


(nos. 29 and 34) were 5257 and 4765 respectively. These results suggest that 
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Table 6 gives the number and size of myelinated fibres in the same nerves. 
In contrast to the cardiac branches, myelin droplets, denoting degenerated 
myelinated fibres, could be seen consistently in Weigert stained sections of 
the bronchial branches after supranodose vagotomy. That an appreciable 
number of myelinated fibres degenerate after supranodose vagotomy is shown 
in Pl. 2, fig. 12. The counts shown in Table 6 indicate that between 200 and 
300 myelinated fibres, all below 4 in diameter, have degenerated and are 
therefore efferent. The afferent myelinated fibres number slightly more than 
1000. As in the cardiac branches, they show a unimodal size-frequency 
distribution, the majority being between 2 and 6 » in diameter. Compared 
with the cardiac branches, there is a higher proportion of larger fibres between 
6 and 12 y diameter (Table 6). The above findings are similar to those obtained 
by Daly & Evans (1953). 

After chronic infranodose division of the cervical vagus nerve, there 
invariably remained a small proportion of nerve fibres in the cardiac branches, 
at the mid-point of the thoracic vagus and in the bronchial branches on the 
same side. The great majority of these were non-myelinated but occasionally 
a few small myelinated fibres were present. In no case did they represent more 
than 10% of the total number of fibres present in normal nerves. These 
adventitial fibres are probably of sympathetic origin. 


The abdominal vagus nerves 

Fibre composition of the normal abdominal vagus nerves. The vagus nerves in 
the cat usually enter the abdomen in two main trunks, one lying anterior and 
the other posterior to the oesophagus. There are invariably several smaller 
branches, which can conveniently be taken along with one or other of the 
main trunks for the purpose of fibre counts. The striking feature concerning 
the vagus at this level is that the nerves are composed almost entirely of non- 
myelinated fibres (PI. 2, figs. 13, 14). Estimates of the total number of fibres in 
normal vagus nerves at the level of the diaphragm are shown in Table 7. The 
mean number of fibres in three specimens is 31,244 + 970. In the same nerves 
the number of myelinated fibres is 495, 389 and 453 respectively. Practically all 
_ these fibres are less than 6 1in diameter, the majority falling in the 2-4 » group. 

The fibres in the abdominal vagus nerves are derived in approximately 
equal numbers from the right and left cervical vagus nerves, This is shown by 
the numbers of fibres remaining in the abdominal nerves after chronic division 
of either the right or left cervical nerves (Table 7).. Likewise it was shown that 
the myelinated fibres are derived in approximately equal numbers from the 
right and left cervical vagus nerves,. Furthermore, it was demonstrated that 
at the level of the diaphragm, each nerve trunk contains fibres from both 
cervical vagus nerves, the left contributing mainly to the anterior and the 
right to the posterior 
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“Adventitial fibres in the abdominal vagus nerves. Three cats. were subjected 
to chronic division of the cervical vagus below the nodose ganglion on one 
side and to division of the thoracic vagus just caudal to the recurrent laryngeal 
nerve on the opposite side. In pyridine-silver stained sections, counts of 2953, 
2214 and 3924 were obtained (Table 7d). The fibres were sparsely distributed 
throughout the nerve (PI. 2, fig. 15). These numbers account for about 10% of 
the total fibre content of the normal abdominal vagus nerves. In the same 
three animals, 42, 16 and 31 myelinated fibres remained in the abdominal 
vagus nerves and all of these were less than 4 » in diameter. These counts 


represent less than 10% of the number of myelinated fibres in normal 
abdominal vagus nerves. 


TaBLF 7, Estimates of the total number of axons (myelinated and non-myelinated) in 
the abdominal vagus nerves in normal and operated cats 


Animal and Estimated 
Procedure specimen axons 
(a) Normal 12 Land N 33,134 
19 L and N 29,941 
| 21 Land N 30,658 
(6) Left cervical infranodose vagotomy 15 I and K 16,144 
| ae 26 K and M 15,437 
27 K and M 16,769 
(c) Right cervical infranodose vagotomy 11 B and D 15,856 
16 J and L 14,529 
(d) Cervical infranodose vagotomy and upper 36 C and E 2,953 
thoracic vagotomy on Cppenlts side 37 A and E 3,924 
41 land K 2,214 
(e) Left supranodose vagotomy and right upper 33 F and H 13,954 
thoracic vagotomy , 38 D and H 14,157 
(f) Su ose vagotom 
ni (L) 18 J and L 28,746 
(R) 24 Land N 31,651 
(L) 29 K and M 30,451 
(L) 32 K and M 33,423 
Intracranial | (L) 39 K and M 31,245 
(L) 40 G and I 29,885 


Afferent and efferent fibres in the abdominal vagus nerves. In order to estimate 
the relative numbers of efferent and afferent fibres contributed by the left 
cervical vagus to the abdominal nerves, combined chronic right upper thoracic 
vagotomy and left supranodose vagotomy were performed on two cats. 
Table 7e shows the total number of afferent fibres (about 14,000) remaining in 
the abdominal vagus nerves in these two animals. When compared with the 
numbers normally contributed by the left cervical vagus, about 15,000 
(Table 7a—e), these figures suggest that only about 1000 fibres are efferent 
with their cell bodies within the central nervous system. More than ten times 
that number are afferent. If it is assumed that the right cervical vagus 
_ contributes’ a similar proportion of efferent fibres to the abdominal vagus 
- nerves, then of the total number of about 30,000 fibres in the abdominal nerves, 


« 
4 
4 
a 
4 


198 E. AGOSTONI AND OTHERS 


slightly less than 10% are efferent. This conclusion is supported by fibre counts 
of the abdominal vagus nerves of cats subjected to unilateral (right or left) 
supranodose or intracranial vagotomy. The results of these counts are shown 
in Table 7f and indicate that the mean figure of 30,900 + 657 lies within the 
range of counts for the normal abdominal vagus nerves (Table 7a). However, 
microscopic examination of pyridine-silver stained specimens showed small 
areas of low fibre density in which clearly efferent non-myelinated fibres had 
undergone degeneration. 

In two animals (nos. 33 and 38, Table 7e), there were 211 and 286 myelinated 
fibres respectively remaining after supranodose vagotomy on one side and 
upper thoracic vagotomy on the opposite side. Since these represent about 
half the total number of myelinated fibres in normal nerves, it follows that 
almost all the myelinated fibres in the abdominal vagus nerves are afferent. 


| DISCUSSION 
Our results indicate that after chronic division of the vagus either above or 
below the nodose ganglion, stimulation of the caudal cut end of the same 
cervical vagus has no effect on the heart rate, blood pressure, stomach or 
duodenum. These findings confirm those of McSwiney & Spurrell (1933), 
Richardson & Hinsey (1933), Daly & Evans (1953), and of Evans & Murray 
(19544). Furthermore, we could find no evidence in support of the view put 
forward by Heinbecker & O’Leary (1933) that there are efferent fibres in the 
vagus with their cells in the nodose ganglion, It follows that all these fibres 
in the vagus must have their cells of origin within the central nervous system. 
The results of one experiment (no. 38 of Table 1) do not conform with this 
view, because, after chronic supranodose vagosympathectomy, stimulation of 
the caudal end of the cervical vagus nerve caused a slight slowing of the heart 
rate. Since there were large numbers of both myelinated and non-myelinated 
afferent fibres in histological sections of this nerve, it is not possible to say 
whether any of them could be undegenerated efferent fibres. We are therefore 
unable to give any explanation for the persistent cardiac effects on stimulation 
of the vagus nerve in this experiment. However, it is worth pointing out that 
the results reported here and in the papers by Daly & Evans (1953) and 
Evans & Murray (1954a) are based on information from a total of twenty-nine 
animals subj ected to chronic division of the vagus above the level of the 
nodose ganglion. In only two of these have positive effects on stimulation of 
the vagus on the operated side been obtained. In one animal reported by 
Daly & Evans (1953), bronchoconstriction occurred after chronic intracranial 
vagotomy but post-mortem examination showed that one vagal rootlet had 
not been cut. The second case is that reported here. 

Effects on blood pressure were observed in three experiments (nos. 27. 
40 and 41 in Table 1) in which the vagus was chronically divided above or 
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below the nodose ganglion. In these an increase in blood pressure with 
no change in heart rate occurred in response to stimulation of the nerve 
on the operated side and was probably the result of vaso-constriction in some 
part of the peripheral vascular bed. The response was unaffected by both 
eserine and atropine, suggesting it was mediated by adrenergic fibres. These 
are probably of sympathetic origin because the nature of some of the 
operations should have excluded all vagal fibres with their cells in either the 
central nervous system or the nodose ganglion. The origin of these sympathetic 
fibres is obscure. For instance, the fascicle of undegenerated myelinated 
fibres found in the vagus nerve in Expt. 27 (Pl. 1, fig. 7) survived chronic 
division of the cervical vagosympathetic nerve below the level of the superior 
cervical and nodose ganglia and could not therefore have originated from this 
sympathetic ganglion. It is very unlikely that they could be regenerated 
fibres because the time elapsing between operation and killing the animal was 
never more than 30 days in any experiment. It is conceivable, however, that 
the fibres might have arisen from aberrant ganglia scattered throughout the 
cervical sympathetic nerve (Foley, 1945) and running caudally in the vagus. 
Sympathetic fibres running in the cervical vagus have been described previously 
by Jones (1932) and by Ranson et al. (1933). Alternatively, they might be 
running cranially from cells in either the lateral horns of the spinal cord or in 
the middle cervical or stellate ganglion and giving off branching axons which 
innervate the blood vessels, heart and bronchioles (Dixon & Ransom, 1912; 
Daly & Mount, 1951). Clearly, further studies must be made before any final 
conclusion can be reached as to the origin of these fibres in the vagus which 
survive these operative procedures. 


The distribution of nerve fibres in the vagus and its branches 

Recently, electron microscopy has given more detailed information on the 
structure of myelinated and non-myelinated fibres and their sheaths (Gasser, 
1952, 1955; Geren, 1954). A low-power electron micrograph shows the 
distribution and sizes of nerve fibres in a normal cervical vagus nerve of the 
rat (Pl. 2, fig. 16). Comparison of the distribution of fibres in pyridine-silver 
preparations with that in electron micrographs suggests that practically all 
the fibres, including the smallest. non-myelinated, are stained by the former 
method. The diameters of the great majority of non-myelinated fibres are less 
than 1» and there are different size-frequency distributions for different 
nerves (Gasser, 1955). No doubt the vagus has a distinctive spectrum of size 
of non-myelinated fibres of its own. 

Our histological findings indicate that each cervical vagus nerve contains 
about 30,000 fibres of which the great majority are non-myelinated. Of the 
4900 or so myelinated fibres about 40 % are efferent in function. These efferents 
are composed of large diameter fibres, about 12, which enter the recurrent 
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laryngeal nerve, and small ones below 6 ». The majority of the medium-sized 
fibres in the 6~12 4 diameter groups are, however, afferent.in function. Our 
findings are in agreement with those of Gaskell (1886) and of Foley & Dubois 
(1937), who concluded that the vagus consists predominantly of unmyelinated 
fibres which are afferent in function. 

As the vagus passes through the thorax, it gradually loses most of its 
myelinated fibres (Gaskell, 1886; Chase & Ranson, 1914). Our results indicate 
that practically all the small and medium-sized myelinated fibres are distri- 
buted in the oesophageal, bronchial and cardiac branches of the vagus. This 
was shown by the fact that there are only about 400 myelinated fibres in both 
the anterior and posterior abdominal vagal branches which receive fibres from 
both cervical vagus nerves. 

There are about 25,000 non-myelinated fibres in each cervical vagus of 
which 85% are afferent. More than half the non-myelinated fibres in each 
cervical vagus nerve are distributed in the abdominal branches. The majority 
of the remainder are distributed in the cardiac and bronchial branches and by 
far the greatest number of these are afferent. This distribution of non- 
myelinated fibres in the vagus and its branches agrees well with that found 
by Evans & Murray (1954a) in the rabbit. 

Adventitial fibres in the vagus. In experiments involving chronic division of 
the vagus nerve on one side below the level of the nodose ganglion, unde- 
generated non-myelinated fibres could always be seen in histological sections 
of the cervical and thoracic vagus and in the cardiac and bronchial branches. 
A very few small myelinated fibres could also be seen. We have no evidence 
about the origin of these fibres, but it is likely that most of them are of 
sympathetic origin. Reference to nerve fibres surviving in the abdominal vagus 
after degenerative division at different levels has already been made above. 

Aortic depressor nerve. Our observations on the cat’s aortic nerve indicate 
that it contains a total of about 450 fibres of which about two-thirds are 
myelinated. The myelinated fibres have a bimodal distribution with peaks in 
the 2-4 and 8-10 » diameter groups. 

Few observations have been made previously on the fibre composition of 
afferent nerves innervating the vasosensory zones of the carotid sinus and 
arch of the aorta, but Langley (1892) and Sarkar (1922) described both 
myelinated and non-myelinated fibres in the aortic nerve of the rabbit. Most 
of the myelinated fibres varied from 4 to 8 » in diameter. Douglas, Ritchie & 
Schaumann (1956) concluded from action potential and functional studies of 
the aortic nerve of the rabbit that there were both myelinated afferent fibres 
(A fibres) and non-myelinated afferent fibres (C fibres) which on electrical 
stimulation gave rise to reflex depressor effects. 

De Castro (1944) determined the number of myelinated fibres in the carotid 


sinus nerve of the cat and obtained a total count of 650-700. No values were © 
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given for the number of non-myelinated fibres. The proportion of large 
myelinated fibres (6-8 ~ in diameter) was 3-5, of medium-sized fibres 
(3-5 »), 79% and of small fibres (1-5-2-8 ,.), 17-5%. These figures indicate a 
unimodal distribution. So far as is known, the carotid sinus and aortic nerves 
in the cat serve similar functions and contain fibres from both baroreceptors 
and chemoreceptors (Neil, Redwood & Schweitzer, 1949). The significance of a 
unimodal distribution of myelinated fibres in the carotid sinus nerve (De Castro, 
1944) and a bimodal distribution in the aortic nerve is at present obscure. — 

Abdominal branches of the vagus. We have found that the total number of 
fibres in the vagus nerves at the level of the diaphragm is about 31,000 and 
that almost all these, as Gaskell (1886) had shown previously, are non- 
myelinated. Of this number only about 3000 non-myelinated fibres comprise 
the efferent innervation of abdominal viscera. The remainder are afferent and 
include the great majority of the 400, or so, small myelinated fibres present in 
these nerves. Thus less than 10% of the fibres in the abdominal vagus nerves 
are efferent in function. 

It is well known that the vagus nerves functionally innervate not only the 
stomach and duodenum, but, also the whole of the small intestine. Thus, the 
actual number of vagal efferent fibres supplying the gastro-intestinal tract 
must be less than 3000 by the number to other viscera in the abdomen, It is 
assumed that preganglionic vagal fibres make synaptic connexion with nerve 
cells of the myenteric plexus, although there is little precise histological 
information on the nature of these endings (Kuntz, 1953), Histological 
examination of the myenteric plexus indicates that it contains a very large 
number of nerve cells (Irwin, 1931; Matsuo, 1934). Sauer & Rumble (1946) 
estimate the number in the small intestine to be about 20 millions, to which 
must be added many more contained in the stomach. There is, therefore, a 
large discrepancy to which Langley (1922) was the first to draw attention, 
between the number of efferent fibres in the vagus to the gastro-intestinal 
tract and the number of enteric nerve cells. He suggested that preganglionic 
fibres made synaptic connexions with a small proportion of the enteric ganglia, 
termed ‘mother cells’, and that these in turn were connected to other ganglia 
by means of a third set of neurones. Since then, many contributions have been 
made to this subject and a full account of them is to be found in the mono- 
graphs by Babkin (1950) and by Kuntz (1953). 

In this connexion our results indicate that the number of efferent fibres in 
the abdominal vagus nerves is surprisingly small, probably all of them being 
non-myelinated, Furthermore, there is a relatively very much larger number 
of afferent fibres; the size-frequency distribution of these fibres is more 
extensive and includes the majority of non-myelinated as well as all the 
myelinated fibres. These facts are relevant to any consideration of the nature 
of the vagal innervation of the gastro-intestinal tract. 
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SUMMARY 


1. The effects of electrical stimulation of the cervical vagus nerve on the 
heart rate, blood pressure, oesophagus, stomach and duodenum after chronic 
division at various levels have been investigated in the anaesthetized cat. The 
vagus nerve and some of its branches have also been examined histologically. 

2. After chronic division of the vagus nerve intracranially above the jugular 
ganglion or extracranially above the nodose ganglion, electrical stimulation of 
the caudal end of the cut cervical vagus nerve produces no effect on heart rate, 
blood pressure, oesophagus, stomach or duodenum. It is concluded that the 
efferent fibres in the vagus supplying these structures have their cell bodies 
within the central nervous system. 

3. Each cervical vagus nerve contains about 30,000 fibres of which about 
6000 or 20% are efferent. Of the total number of fibres, only about 4900 or 
16% are myelinated. All the large myelinated fibres (above 12 » in diameter) 
and 40-50 °%, of the small ones (below 6 ) are efferent. The great majority of 
the medium-sized fibres (6-12 ,«) are afferent. 

4. The aortic (depressor) nerve contains a total of about 450 fibres of which 
about two-thirds are myelinated and are bimodally distributed. 

5. On one side, the total number of fibres in all cardiac branches of the vagus 
is about 3000 of which about 500 are efferent and predominantly non- 
myelinated. Between 500 and 700 of the total number of fibres are myelinated 
ranging from 1 to 12 u in diameter and almost all these are afferent. 

6. On one side the total number of fibres in all bronchial branches of the 
vagus is about 6000. Of these about 1000 are efferent. The myelinated fibres 
total about 1400 (ranging from 1 to 14 » in diameter) and the majority of these 
are afferent. However, about 200-300 of the myelinated fibres, all below 4 y 
in diameter, degenerate after supranodose (extracranial) or intracranial 
vagotomy indicating that they are efferent. 

7. The anterior and posterior abdominal vagus nerves at the level of the 
diaphragm contain a total of about 31,000 fibres. Probably less than 10% of 
these are efferent and consist of non-myelinated fibres. There are relatively few 
myelinated fibres (about 400) of which nearly all are afferent and below 6 , in 

diameter. The right and left cervical vagus nerves each contribute an approxi- 
_ mately equal number of fibres to the abdominal vagus nerves. 


We wish to express our thanks to Professor G. Causey and Dr H. Hoffman for providing the ~ 


electron micrograph and to the Medical Research Council for a Clinical Research Fellowship (to 
J. G. M.) and for a grant defraying part of the expenses of this work (to M. de B. D.). This work 
was carried out during the tenure of the Bayliss-Starling Scholarship by one of us (J. E. C.). 
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EXPLANATION OF PLATES 


With the exception of Pl. 2, fig. 16, all figures are taken from transverse sections of the vagus 
nerve or its branches of the cat. 
Prats | 

Fig. 1.: Normal vagus at cervical level, showing distribution of myelinated fibres. The laryngeal 
bundle (/.b.) containing the large myelinated fibres is eventually distributed in the recurrent 
laryngeal nerve to supply the intrinsic laryngeal muscles; the aortic nerve (a.n.) is included 
within the vagus trunk in this specimen and the medium-sized myelinated fibres of this nerve 
can be recognized as a relatively discrete bundle: Weigert stain. 

Fig. 2. Portion of normal vagus at the cervical level showing groups of non-myelinated axons 
interspersed among the myelinated axons; the small non-myelinated axons are more 

numerous than the larger myelinated: pyridine-silver stain. 

Fig. 3. Cervical vagus 28 days after supranodose vagotomy; the laryngeal bundle (/.b.) previously 
occupied by large myelinated fibres now contains only degenerated nerve fibres; the remainder 
of the nerve does not show a marked decrease in fibre population as compared with normal: 
Weigert stain. 

Fig. 4. Portion of cervical I a ee there is no evidence of 
degeneration of the myelinated axons in this section but the appearance of some of the areas 
containing the small non-myelinated axons suggests that there has been a decrease in axon 
population: pyridine-silver stain. 

Fig. 5. A segment of normal cervical vagus shown in fig. 1, at a higher magnification; on the left 
side are the large myelinated fibres of the laryngeal bundle and on the right a sample of the 
myelinated fibre population of the remainder of the nerve: Weigert stain. 

Fig. 6. A segment of cervical vagus nerve 28 days after supranodose vagotomy shown in fig. 3, at 
a higher magnification; on the left side the large myelinated fibres of the laryngeal bundle 
have degenerated and myelin droplets have not yet been absorbed; the remaining part of the 
section shows a density of myelinated fibre population only a little below normal: Weigert 
stain. 

Fig. 7. Cervical vagus at level of root of neck 28 days after section of the vagus nerve just caudal 
to the nodose ganglion (cat 27); a group of small myelinated fibres, presumably of sympathetic 
origin, remains intact; the remainder of the myelinated fibres in the nerve have degenerated : 
Weigert stain. 

2 

Fig. 8. Normal cardiac branch of the vagus showing medium and small calibre myelinated fibres: 
Weigert stain. 

Fig. 9. Cardiac branch 21 days after supranodose vagotomy showing that all or almost all the 
myelinated axons survive; the distribution of non-myelinated fibres on the right side of the 
nerve suggests that some have degenerated: pyridine-silver stain. 

Fig. 10, Normal aortic nerve composed of approximately equal numbers of medium and small 
calibre myelinated fibres: Weigert stain. 

Fig. 11, Normal bronchial branch of the vagus showing medium and small calibre myelinated 
fibres: Weigert stain. 

Fig. 12. Portion of bronchial branch of the vagus 21 days after supranodose vagotomy; on the 
right side numerous Schwann tubes are devoid of axons indicating that many myelinated 
axons have degenerated: pyridine-silver stain. 
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Fig. 13. Normal posterior abdominal vagus nerve containing relatively few myelinated fibres; 
almost all the fibres are of small calibre: Weigert stain. 

Fig. 14. thowing high population of non- 
myelinated axons: pyridine-silver stain. 

Fig. 15. Segment of posterior abdominal vagus after bilateral infranodose vagotomy ; although 
the great majority of non-myelinated axons have degenerated, a small proportion remain 
intact: pyridine-silver stain. 

Fig. 16. An electron micrograph of a transverse segment of normal cervical vagus in the rat to 
show fibres of different sizes. A medium and a small calibre myelinated fibre (m.f.) are shown 
surrounded by their respective Schwann cells; bottom left shows four non-myelinated fibres 
(n.m.f.) within one Schwann cell; bottom right shows a single non-myelinated fibre within a 
Schwann cell with the double-layered mesaxon (mz.) connecting the membranes around the 
Schwann cell with the axon (the mesaxon of the fibre in the right-hand bottom corner has 
been retouched): fixed in buffered osmium tetroxide. 
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INNERVATION OF THE INTRINSIC MUSCLES OF THE CAT’S 
LARYNX BY THE RECURRENT LARYNGEAL NERVE: 
A UNIMODAL NERVE 


By J. G. MURRAY* 
From the Department of Anatomy, University College, London 


(Received 3 September 1956) 


In the course of a quantitative study of the vagus nerve of the cat (Agostoni, 
Chinnock, Daly & Murray, 1957), the number, size and function of the fibres 
contained within the recurrent laryngeal nerve were investigated. The chief 
interest in this nerve is that it is one of the most characteristic of the ‘unimodal’ 
nerves. 

The majority of nerves supplying limb muscles are ‘bimodal’, having a con- 
siderable proportion of their fibres below 8u and above 14, in diameter: there 
are relatively few fibres about 10—12,, in diameter (Eccles & Sherrington, 1930), 
and both the large and the small fibre groups contain afferent as well as efferent 
fibres. In contrast, the present investigation shows that the branch of the 
recurrent laryngeal nerve which enters the larynx to innervate the intrinsic 
laryngeal muscles of the cat has a unimodal fibre-size distribution, with a fairly 
sharp peak about 10-12, and relatively few fibres of much smaller or larger 
diameter. Furthermore, there are few or no sensory fibres in this branch. The 
evidence suggests that muscles that are supplied by nerve fibres of intermediate 
size, unimodally distributed, also have little or no proprioceptor supply. 


METHODS 

The specimens of the recurrent laryngeal nerves mentioned in the present investigation were 
obtained from the same animals as were used in the previous article on the fibre composition of the 
cat vagus (Agostoni et al. 1957). Identical numbering of animals in the two articles permits of 
direct comparisons of numbers and sizes of fibres in recurrent laryngeal nerves with those in the 
vagus trunks from which they have branched. 

Three series of experiments involved division of the vagus rerv* extracranially above the nodose 
ganglion, intracranially above the jugular ganglion and caudal to the nodose ganglion. After 
sufficient time for degeneration of nerve fibres, portions of the recurrent laryngeal nerves were 


* Present address: Department of Pharmacology, Royal College of Surgeons of England, 
Examination Hall, Queen Square, London, W.C. 1. 3 
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* obtained from the normal and operated sides at two levels, at the level of the clavicle as the nerve 


ascends between the trachea and oesophagus, and 2 cm proximal to entry into the larynx to supply 
the intrinsic muscles. 

For study of myelinated fibres the nerves were fixed in Flemming’s fluid and stained by a modi- 
fied Weigert Technique (Gutmann & Sanders, 1943). In staining all axons, both myelinated and 
non-myelinated, the pyridine-silver method was used (Ranson & Davenport, 1931). For examina- 
tion of movements of the vocal cords on stimulation of the ipsilateral normal and treated cervical 
vagus nerves, the thyro-hyoid membrane was incised and direct observations made. Details of the 
above methods have already been given at length in a previous article (Agostoni et al. 1957). 


RESULTS 


The recurrent laryngeal nerve at the level of the clavicle contains two groups 
of fibres occupying sharply defined areas (PI. 1, fig. 1). One area contains large, 
heavily myelinated fibres and the other small, thinly myelinated fibres. As the 
nerve ascends between the oesophagus and trachea almost all the small fibres 
are distributed in tracheal, oesophageal and other branches. Consequently the 
residual part of the nerve entering the larynx consists almost entirely of large 
fibres (Pl. 1, figs. 2, 6). This latter part of the nerve will be referred to as the 
laryngeal bundle of the recurrent laryngeal nerve. In five normal laryngeal 
bundles measurement of fibre diameter gave a sharply unimodal size-frequency 
distribution with a close grouping of fibre-size around a peak at about 10-12u 
in diameter (Table 1, and Text-fig. 1). There are about 450 myelinated fibres in 
this bundle (mean 462, s.p. of mean +17). The number of small myelinated 
fibres passing from the vagus into the recurrent laryngeal nerve is variable. At 
the level of the clavicle there are about 400—600 fibres (mean 566, s.pD. of mean 
+33) and these also have a unimodal size-frequency distribution with a mode 
about 4-6 (Table 1). The great majority of these fibres are less than 8 in 
diameter. 

The recurrent laryngeal nerve contains slatioaie few non-myelinated fibres. 
Counts of non-myelinated fibres in the laryngeal bundles of the five normal 
specimens given in Table 1 were 67, 81, 48, 56 and 63 respectively. After 
division of the cervical vagus nerve and a suitable delay for degeneration of 
nerve fibres (27, 20 and 22 days respectively) there remained in specimens 
11G, 15G and 16H of the laryngeal bundle 71, 54 and 65 non-myelinated 
fibres. Such findings suggest that the majority of non-myelinated fibres in the 
laryngeal bundle are extra-vagal in origin. Presumably many are post- 
ganglionic sympathetic fibres (Evans & Murray, 1954). 

Interruption of the vagus nerve intracranially or extracranially above the 
nodose ganglion regularly produces clear-cut changes in the recurrent laryngeal 
nerve (PI. 1, fig. 3). Practically all the large myelinated fibres in the laryngeal 
bundle degenerate, indicating that they are efferent (Evans & Murray, 1954). 

However, a small number of myelinated fibres invariably survives. Counts 
of myelinated fibres remaining in laryngeal bundles in specimens 24D, 29C, 
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32C and 34C (15, 21, 19 and 28 days after supranodose vagotomy) were 42, 31, 
32 and 51 respectively. In the two specimens 39C and 40C in which intra- 
cranial vagotomy had been performed 14 and 24 days previously there were 
41 and 37 myelinated fibres remaining. In all six specimens, the majority of 
fibres were less than 6 in diameter but in all cases there were a few larger, 
heavily myelinated fibres ranging from 8 to 12 in diameter (respective counts 
12, 11, 6, 14, 17 and 10). On the other hand, there was no histological evidence 
of degeneration of the small fibre group at the level of the clavicle after supra- 
nodose vagotomy. In specimens 24 C, 29 D and 32 D there remained 451,726 and 


1 
Diameter («) 
Text-fig. 1. Distribution of fibre sizes in the laryngeal bundle of a normal recurrent 
laryngeal nerve. 


TaBLE 1, Size-frequency distribution of myelinated fibres in: (A) the laryngeal bundle of the 
normal recurrent laryngeal nerve near its entry into the larynx, and (B) the small fibre 
(sensory) bundle of the recurrent laryngeal nerve at the level of the clavicle 
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657 small myelinated fibres at the level of the clavicle. Probably all or almost 
all the fibres are afferent in nature. 

Direct inspection was carried out of movements of the vocal cords on electrical 
stimulation of the ipsilateral normal and treated cervical vagus nerves. In no 
case after division of the vagus nerve above the nodose ganglion was movement 
observed, while it always occurred on the control side. After division of the 
cervical vagus nerve caudal to the nodose ganglion (PI. 1, fig. 4), there remained 
27, 20 and 22 days afterwards in specimens 11 F, 15 F and 16G of the laryngeal 
bundle 30, 32 and 26 myelinated fibres respectively. Of these fibres 10, 16 and 
11 were large heavily myelinated fibres between 8-12, in diameter and the 
remainder were small, below 6, in diameter. However, after division of the 
superior laryngeal nerve, as well as the cervical vagus on the same side, there 
remained 27 and 28 days afterwards in specimens 26 C and 27 C of the laryngeal 
bundle 10 and 4 small myelinated fibres all below 6 in diameter (PI. 1, fig. 5). 
Thus there are myelinated fibres in the laryngeal bundle of the recurrent 
laryngeal nerve which are of extravagal origin, passing up in the superior 
laryngeal nerve and having their cell bodies in the nodose ganglion. All the 
large myelinated fibres between 8-12, are of this character and some of the 
small fibres are of similar origin. . 


DISCUSSION 


The fibre content of the recurrent laryngeal nerve in the cat is similar to that in 
the rabbit (Evans & Murray, 1954). The nerves contain relatively few fibres 
above 14u and below 6p in diameter and have a sharp peak of their size- 
frequency distribution about 10. However, the number of fibres supplying 
the intrinsic muscles in the larynx of the cat (about 450) is larger than in the 
rabbit (less than 300). The proportion of large myelinated fibres, above 12u 
in diameter, is also greater in the cat than in the rabbit. 

A nervous pathway has been described by which, in the rat, nerve impulses 
originating in slowly adapting stretch-sensitive endings in the wall of the aorta 
pass through the recurrent laryngeal nerve, the communicating branch and the 
superior laryngeal nerve into the vagus (Andrew, 1954). It may be that the 
small number of myelinated fibres which in the cat pass up via the recurrent 
laryngeal and superior laryngeal nerves and have their cell bodies in the 
nodose ganglion are of this nature. Direct evidence on the function of these 
medium-sized myelinated fibres (8-12) and small myelinated fibres (less than 
6) and of the non-myelinated fibres is required. 

A unimodal distribution has been found by Haggqvist (1940) in the facial, 
hypoglossal and sphincter ani nerves, in the abducent by Bjérkmann & Wohl- 
fart (1936), Haggqvist (1938) and Swensson (1949) and in the accessory nerve by 
Bergstrand (1939). Rexed (1944) found a unimodal distribution in the phrenic 
nerve of the rabbit, Fernand & Young (1951), in the rabbit, showed that these 

14 PHYSIO. OXXXV 


4 
4 
a 
"Cer 
es 


210 J. G. MURRAY 


nerves supplied various muscles in the head and neck region including those to 
the infrahyoid region, e.g. sternothyroid and thyrohyoid and the superficial 
muscles of the face. They pointed out that the muscles supplied by ‘unimodal’ 
nerves show certain common characteristics. Their actions, although no doubt 
integrated with those of other parts of the body, do not depend to the same 
extent as do limb muscles on the close and varying integration with the effects 
of other muscles and of gravity. | 

It remains to explain why the fibre distribiition in ‘unimodal’ nerves forms 
such a sharply circumscribed single peak. W. Hayhow and J. G. Murray 
(unpublished) were unable to demonstrate histologically any spindles in the 
intrinsic muscles of the larynx of the cat. This is in agreement with the findings 
of Sherrington (1897). Under favourable conditions, Andrew (1955) could find 
no functional evidence for proprioceptors in one of the intrinsic muscles, the 
cricothyroid, in the rat, when recordings were made from the peripheral end of 
the external laryngeal nerve. The absence of annulo-spiral fibres would explain 
the absence of large afferent fibres from the recurrent laryngeal nerve. The 
motor fibres to the intrafusal muscle fibres are small (Ruffini, 1898; Hinsey, 
1927; Hines & Tower, 1928; Matthews, 1931; Katz, 1949; Kuffler & Hunt, 
1949) and their absence would agree with the absence of small efferent fibres in 
the nerve. Thus the myelinated fibres in the recurrent laryngeal nerve would 
consist almost entirely of a single functional group—somatic extrafusal efferent. 
There is direct evidence for the absence of afferent fibres in the recurrent laryn- 
geal nerve supplying the intrinsic muscles of the larynx. Evans & Murray 
(1954) found that following division of the vagus central to the nodose or 
jugular ganglia all the fibres in the recurrent larynx nerve to the larynx in the 
rabbit degenerated. Similarly, in the present investigation in the cat, there are 
very few or no afferent fibres in this nerve from the intrinsic muscles of the 
larynx. 

Unfortunately there is little quantitative work on the extent of proprio- 
ceptive innervation in other ‘unimodal’ nerves. Baum (1900) failed to find 
spindles by histological methods in the infrahyoid muscles of the rabbit. 
Nevertheless, Andrew (1955) demonstrated a few spindles in the sternothyroid 
muscle of the rat. He pointed out that there were at least three sources of 
sensory inflow from the region of the larynx—proprioceptors, from the 
sternothyroid muscle, the thyrohyoid muscle and the thyroepiglottic joint. In 
spite of the sensory inflow, it was clear that this did not have a dominating 
influence on the motor neurones, e.g. those to the sternothyroid muscle. The 
indications were that the equilibrium of the larynx was determined centrally, 
by the respiratory centre, with little reference to sensory feed-back. The evi- 
dence supports the suggestion of Fernand & Young (1951) that muscles that 
are supplied by fibres of intermediate size, unimodally distributed, also have 
scanty or no proprioceptor supply. 


F 
laryn 
2. 
3. 
interr 
; suppl 
4. 
extra’ 
geal p 
The 
i Smith a 
of a Cli 
AGosTo 
4 his 
vis 
ANDREV 
352 
ANDREV 
Baum, 
Brras 
abd 
631 
Ecces, 
| unit 
Evans, 
tion 
Roy 
Gutman 
tion 
Hicaey 
q mus 
Hicag 
ce ‘ 
Hinsey, 
§ 
4 Karz, B. 
KUFFLER 
Soe, 
MaTTHEY 
mus 


RECURRENT LARYNGEAL NERVE 211 


SUMMARY 


1. The recurrent laryngeal nerve supplying the intrinsic muscles of the 
larynx in the cat has a unimodal fibre-size distribution with a fairly sharp 
peak about 10-12, and relatively few fibres of much smaller or larger diameter. 

2. There are few or no proprioceptor fibres in this nerve. 

3. The evidence suggests that muscles that are supplied by nerve fibres of 
: intermediate size, unimodally distributed, also have little or no proprioceptor 
supply. 

4. In the recurrent laryngeal nerve there are a variable number of fibres of 
extravagal origin. A small number of myelinated fibres may provide a laryn- 
geal pathway for aortic baroceptor impulses. 


The author wishes to thank Professor J. Z. Young, F.R.S., for his help and advice, and Miss R. 
Smith and Mr D. Botherel for technical assistance. Part of this work was carried out during tenure 
of a Clinical Research Fellowship from the Medical Research Council. 
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EXPLANATION OF PLATE 


All figures are from transverse sections of recurrent laryngeal nerves of the cat and all are stained 
by the Weigert method. 
1 

Fig. 1. Normal recurrent laryngeal nerve at level of clavicle. The large and the small myelinated 
fibres occupy relatively discrete segments of the nerve. 

Fig. 2. Normal recurrent laryngeal nerve near its entry into larynx. Only the large myelinated 
fibres pass to larynx, the great majority of the small fibres having been distributed in branches 
to the trachea, oesophagus, and pharynx. 

Fig. 3. Recurrent laryngeal nerve at level of clavicle 28 days after supranodose division. The large 
myelinated fibres in the laryngeal portion of the nerve have degenerated. The great majority 
of the small myelinated fibres (m.f.) remain intact. 

Fig. 4. Recurrent laryngeal nerve near larynx 27 days after division of the vagus nerve caudal to 
the nodose ganglion. A small number of medium and small calibre myelinated fibres (m./.) 
remain intact. They are extravagal in origin. 

Fig. 5. Recurrent laryngeal nerve near larynx 28 days after division of the vagus nerve caudal to 
the nodose ganglion and of the superior laryngeal nerve. At this magnification, nothing but 
degenerating fibres can be seen. At a higher magnification, only four small myelinated fibres 
remain intact, all below 6 in diameter. 

Fig. 6. A segment of the large myelinated fibres in the laryngeal bundle of a normal recurrent 
laryngeal nerve at a higher magnification. Although there is a variation in calibreof the fibres, 
the size-frequency distribution is unimodal. 
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ION MOVEMENTS IN SEMINAL VESICLE MUCOSA 


By H. J. BREUER* anp R. WHITTAM} | 
From the Department of Biochemistry, University of Sheffield 


(Received 7 September 1956) 


The testicular hormone, testosterone, is required by the seminal vesicles for the 
) production of fructose, citric acid and other characteristic chemical consti- 
tuents of the vesicular secretion (see Mann, 1954), and also appears to influence d 
the distribution of water in the gland. Thus, after the injection of testosterone 
propionate in castrated rats the extracellular water of the seminal vesicle 
tissue was reduced about threefold, almost to the value of 13-8% found in 
normal, i.e. non-castrated, rats (Rudolph & Starnes, 1954a). The rate of 
respiration of the tissue from rats treated in this way was also affected; it 
increased about 30%, again to the level characteristic of the vesicles from | 
normal rats (Rudolph & Starnes, 19545). | 
The seminal vesicles of the guinea-pig are different anatomically from those 
of rats and are shaped in the form of a wide duct which can be opened and the 
mucosa then conveniently separated as a sheet of tissue. Levey & Szego 
(1955 a) used such pieces of tissue in a comparison of the metabolism of seminal 
vesicle epithelia from normal and castrated guinea-pigs, and found that in the 
latter case the respiration was only a half that of normal tissue or of tissue 
from castrated animals which had been injected with testosterone. In view of 
the effects of castration and of testosterone on the water content and respira- 
tion of seminal vesicles, a study has been made of the relation between 
metabolism and the movements of water and ions in the seminal vesicle mucosa 
of the normal guinea-pig. The concentrations of sodium, potassium and chloride 
in the tissue, after incubation under various conditions, have been measured 
and the conclusion has been reached that the tissue can maintain ionic con- 
centration gradients so long as either respiratory or glycolytic energy is avail- 
able. A short account of this work was presented at the Third International 
Congress of Biochemistry in Brussels (Breuer & Whittam, 1955). 
* Present address; Chemisches Laboratorium, Chirurgische Universitatsklinik, Bonn. 
+ Present address: Physiological Laboratory, University of Cambridge. __ 
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METHODS 


Materials. Guinea-pigs weighing 400-600 g were stunned by a blow on the head and bled from the 
carotid artery, and the seminal vesicles removed immediately. The secretion was squeezed out at 
the base of the vesicles and the mucosa exposed by cutting open the vesicles longitudinally. The 
mucosa was gently blotted with filter-paper (Whatman No. 541) to remove adherent secretion. The 
vesicle was then divided into three pieces of convenient size and the mucosa separated from the 
other tissues of the glandular wall with a dry razor blade by the method of Deutsch (1936); 
contact between saline and tissue was avoided during slicing in order to prevent changes in the 
ionic composition of the tissues. 

In preliminary experiments, the sections of mucosa were incubated with slices of the deeper 
tissue of the gland—probably smooth muscle—but when it was found (see Table 1) that different 
layers of the gland maintain varying ionic concentrations in vitro, care was taken in the main experi- 
ments to incubate only the first layer of tissue. Levey & Szego (1955a) have also noted different 
metabolic characteristics in slices of tissue from different layers of the vesicle. The slices of mucosa 
(30-80 mg) were placed in 3 ml. of saline medium in 15 ml. stoppered conical cups which were 
shaken in a water-bath at either 0 or 37°C. For anaerobic experiments a stick of yellow phos- 
phorus was placed in a centre well. After various periods the slices were taken from the cups, 
blotted on filter-paper and weighed. Concentrations are expressed in ymole/g fresh weight or 
pmole/g wet weight after incubation. 

The oxygen consumption of the mucosa was measured in Warburg manometers at 37° C. The 
CO, production was also measured at 37° C and assumed to be equal to the lactic acid production 

Media. Both phosphate and bicarbonate saline solutions (Krebs & Henseleit, 1932) were 
employed, but when it was found that the ion movements in the tissue were identical in both 
media, the phosphate saline was used in all subsequent experiments. In most experiments glucose 
(20 mm) and t-glutamic acid (10 mm) were added to the medium as substrates. When organic 
acids were used as substrates they were added in the form of neutral solutions of their Na salts. 

Water content of tissue. The content of water in the tissue was taken to be equal to the loss of 
weight on drying the tissue during the night at 105° C. 

Determination of Na and K. The weighed tissueslices were placed in 10 ml. of s- HNO, and allowed 
to stand during the night. Samples (3 ml.) of the acid extract of the tissue were diluted to 5 ml. for 
the flame photometric estimation of Na and K by the method of Domingo & Klyne (1949) as modi- 
fied by Terner, Eggleston & Krebs (1950), Estimations of Na and K in the saline solutions or in 
plasma were made by thesame method, The HNO, present was below the level which interferes with 
the estimation of Na and K by the flame photometer. 

Determination of Cl. To 3 ml. samples of the HNO, extract of the tissue were added 2 drops of 
octan-2-ol to prevent frothing, and the Cl was estimated by Sanderson’s (1952) potentiometric 
method as described for tissues by Whittam (1955). The standard solution of AgNO, was delivered 
from a microburette of 100,ul. capacity (Emil Greiner Co., New York) and 1-4ymole Cl were 
determined within an error of 5%. The changes in potential were measured with a Pye model 
605 pH meter. 

Handling of “*K. Spectroscopically pure **K,CO, was supplied by the Atomic Energy Research 
Establishment, Harwell, and was neutralized with 0-1 -HCl using brom-thymol blue as indicator. 
Enough of this solution was added to the medium to give 1-0 ml. samples with about 6000 counts 
min when measured after dilution to 10 ml. with 0-1 x-KCl in a 20th Century Ltd. M. 6 liquid 
counter tube (Veall, 1948). Corrections were made for isotope decay, background and dead time. 
The radioactivity of the tissue was estimated in 2-0 ml. samples of the HNO, extract of the tissue 
after dilution to 10 ml. with 0-1 x-KCL 

Determination of inulin. The ‘inulin space’ of the slices of mucosa was estimated as described by 
Robinson (1950). At the end of the incubation in medium containing inulin the tissue slices were 
blotted and transferred to 5-0 ml. water and allowed to stand during the night at 4° C; the inulin 
present in 2-0 ml. samples of the aqueous extracts was then estimated by the method of Bacon & 
Bell (1948). 
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RESULTS 
Concentrations of Na, K and Cl in seminal vesicle tissue and in the 
seminal vesicle secretion 

Sections of seminal vesicle tissue were made from different layers of the gland 
and analysed for Na, K and Cl. The concentrations of these ions were the same 
in slices of tissue cut toa depth of about 1 mm from the lumen of the duct into 
the glandular wall (see also Table 1). The mean values in pmole/g tissue were: 
Na, 33-5 + 7-4 (41); K, 102-5 + 9-4 (42) and Cl, 46-5 + 7-6 (36). Standard devia- 
tions about the mean are given and the number of observations is in parenthesis. 
In contrast to the high K and the low Na and Cl concentrations in the tissue, 
the concentrations in the secretion were much lower, namely, Na, 13-5 + 2-3 
(17); K, 1640-8 (17) and Cl, 11-1 + 1-6 (14). The difference in the K concentra- 
tions between tissue and secretion is particularly noticeable, the ratio, tissue- 
K-conen./secretion-K-conen. being about 64. The Na, K and Cl concentra- 
tions in blood plasma were 143, 8-0 and 101 mm respectively, i.e. they differed 
from those present in the tissue as well as in the secretion. 


Net movements of tons 

Effect of incubation of tissue slices on their Na, K and Cl concentrations. 
Table 1 gives the ionic contents of different layers of seminal vesicular tissue 
before and after incubation at 37° C. Before incubation the concentrations of 
Na, K and Cl in the different slices were approximately equal, but after 40 min 
aerobic incubation the concentration gradients of ions between the tissue and 
saline medium were greater for the first slice of seminal vesicle mucosa than for 
the second and third inner slices whose tissue K concentrations fell to 46 and 
28°, of the initial values respectively. The changes in the Na concentrations 
were similar to those for Cl and show that more NaCl entered the slices of the 


TaBLE 1. The effect of incubation on the Na, K and Cl concentrations in slices of guinea-pig seminal 
vesicle. Slices of tissue were cut from the lumen of the duct into the glandular wall; the first 
slice consisted of mucosa and the second and third slices of the underlying muscle. They were 
incubated in O, for 40 min at 37° C in 3-0 ml. of phosphate saline, pH 7-4, containing 20 mm- 
glucose and 10 mm-glutamate. The values are means of at least two observations 

Concentrations of ions 


(ywmole/g tissue) 
Tissue Na K cl 

Before incubation 

First slice 28-5 101-0 44-0 

Second slice 32-0 100-0 49-0 

Third slice. 29-0 101-0 46-0 
After incubation 

First slice 72-5 68-0 64-5 

Second slice 46-0 
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Third slice 93-0 28-0 78-0 : 
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deeper tissue than the slice of tissue from the lining of the duct. From these 
results it seems clear that only the first slices of epithelium were able to main- 
tain appreciable concentration gradients of Na, K and Cl in vitro. 

After aerobic incubation at 0° C for 20 min the tissue lost K and gained Na, 
but these changes were not reversed by subsequent incubation at 37° C. 
Because of these results, in subsequent experiments only the slices of mucosa 
were incubated; these were placed directly after slicing in the incubation 
medium at 37° C to avoid the changes occurring at 0° C. 
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id 1. The inulin space of guinea-pig seminal vesicle mucosa slices. Slices of tissue from two 
animals were placed immediately after preparation in 20 ml. of phosphate saline in air, 
containing 20 mm-glucose and 10 mm-glutamate, pH 7-4, at 37° C until all the slices (about 15) 
were made. This procedure required approx. 10 min. The slices were then transferred to 
20 ml. of a similar saline, which contained also 1% (w/v) inulin with a gas phase of either O, 
or N, and shaken in a water-bath at 37° C. Slices were removed after various periods, blotted 
on filter-paper to absorb adhering saline and their inulin content estimated. Slices incubated 
in saline without inulin were used as a control for blank estimations of inulin. The water 
content of the slices was also estimated. The mean values, with s.p., for the inulin space for the 

_ 30-90 min period of incubation were 13-0+ 1-6 ml./100 g tissue aerobically (12 observations), 
_ and 13-44 1-6 ml./100 g tissue anaerobically (16 observations). ©, aerobic; @, anaerobic. 


- Inulin space. In order to deduce from the ionic concentrations in the whole 
tissue the concentrations in the mucosa cells, it was necessary to allow for the 
ions in the extracellular fluid of the tissue and hence to estimate the extra- 
cellular space. The inulin space is supposed to be identical with the extracellular 
space and has been measured in the tissue slices. Corrections for the extra- 
cellular ions were made on the assumption that the extracellular space had the 
same ionic composition as the suspending saline medium. Fig. 1 shows the rate 
of entry of inulin into seminal vesicle mucosa slices and each point represents 
the mean of three or four observations. Equilibrium was reached after about 
30 min and no further inulin penetrated into the tissue during the next 60 min. 
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The mean values, with s.p., for the inulin space during the 60-90 min period 
of incubation were 13-0 + 1-6 ml./100 g tissue aerobically, and 13-4 +1-6 ml,/ 
100 g tissue anaerobically. 

Effect of various substrates and of anoxia on ionic concentrations of seminal 
vesicle mucosa celle during incubation at 37° C. After the aerobic incubation of 
the tissue slices with 20 mm-glucose the K concentration in the cells was 63% 
lower and the Na concentration 42 °%, greater than the concentrations in tissue 
incubated with glucose and 10 mm-.-glutamate together (Table 2). Similarly, 


TaBLE 2. Effect of substrates and anoxia on the ionic concentrations in the cells of the seminal 
vesicle mucosa. Slices of mucosa (50-100 mg wet weight) were incubated for 40 min in 3-0 ml. 
of phosphate saline containing 20 mm-glucose, pH 7-4. Additional substrates were added as 
indicated. The inulin space (see Fig. 1) was measured with glucose and glutamate as substrates 
and the value thus obtained has been assumed also to represent ti® extracellular space of 
tissue incubated with other substrates 

Concentrations of ions in cells 


(umole/g cells) 
Gas Additional substrate A 
(10 mm) Na K Cl 

Tissue after 0, L-Glutamate 62-5 72-5 56-5 
incubation Glutamine 69-5 61-5 50-5 
Aspartate 62-5 61-0 53-0 
Fructose 67-0 54-0 67-0 
a-Oxoglutarate 91-0 44-0 725 
a-Oxoglutarate + NH,Cl 90-0 34-0 72-0 
Inositol 88-0 31-0 82-0 
Citrate 1125 31-0 76-0 
No addition 89-0 26-5 60-5 

N, L-Glutamate 68-0 53-0 620 

Saline (mm) 156-0 6-0 125 


glutamine, aspartate and fructose added together with glucose supported 
greater concentration gradients of Na and K than did glucose alone. The addi- 
tion of «-oxoglutarate, inositol or citrate did not markedly increase the 
concentration gradients, however, nor did the joint addition of «-oxoglutarate 
and ammonium chloride. The high K level which was maintained in the 
presence of fructose is of particular interest because this sugar is produced in 
the gland. It does not appear to stimulate the respiration of guinea-pig seminal 
vesicle mucosa (Levey & Szego, 19555), and so its effect on K accumulation is 
probably not simply a result of increasing the supply of energy from respiration. 

After the incubation of tissue slices anaerobically in the presence of glucose 
and glutamate, the Na and Cl concentrations were about equal to those found 
under aerobic conditions with the same substrates, although the K concentra- 
tion anaerobically was about 27% lower than aerobically. 

Effects of inhibitors on the concentrations of ions in seminal vesicle mucosa 
slices incubated in vitro. Since concentration gradients of ions were maintained 
under both aerobic and anaerobic conditions, it was of interest to find out 
more about the source of energy required for the ionic transport against 
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concentration gradients. Slices of tissue were incubated therefore in saline 
containing 2 : 4-dinitrophenol (DNP) aerobically, and sodium fluoride anaero- 
bically. The tissue incubated in the presence of DNP contained less K (45°) 
and more Na (28%) than the tissue incubated in ordinary saline medium 
(Table 3). It contained also less K and more Na than the tissue incubated 
anaerobically. Since DNP probably uncouples oxygen consumption from the 
phosphorylation of adenosine diphosphate, this observation may mean that the 
active transport of ions in the seminal vesicle mucosa depends somehow upon a 
supply of adenosine triphosphate (ATP). 
Tastz 3. The effect of DNP and NaF on the ionic concentrations in seminal vesicle mucosa during 
incubation in vitro. Slices of mucosa (50-100 mg) were incubated for 40 min at 37° C in 


3-0 ml. of phosphate saline, pH 7-4, containing 20 mm-glucose and 10 mm-glutamate; the gas 
phase was either O, or N,; all values are means of at least two observations 


Ions in tissue Dry 
Concentrations of expressed as weight 
ions in tissue pmole/g dry 
(umole/g tissue) tissue solids tissue 
Conditions of incubation Inhibitoradded Na K Cl Na K Cl 100 mg) 
Non-incubated — 33-0 1000 455 162 490° 223 20-4 
Aerobically ; 40 min None 725 63-0 645 384 334 342 # 18:8 
02mmM-DNP 910 360 710 — 
0-2mm-DNP* 950 300 730 — 
Anaerobically ; 40 min None 780 500 620 442 #282 4350 17-7 


10mm-NaF 1000 305 — 
*DNP was added after 30 min incubation. 


Under anaerobic conditions, the addition of NaF caused a rise of 28 % in the 
Na and a fall of 39% in the K concentrations as compared with the tissue 
incubated anaerobically without the inhibitor. It thus seems that the seminal 
vesicle mucosa of the guinea-pig can derive sufficient energy for active ion 
movements from either respiration or anaerobic glycolysis. The rate of anaer- 
obic glycolysis, as measured by the evolution of carbon dioxide from a bi- 
carbonate saline solution, was relatively high (7-21. CO, evolved/mg dry wt. 
tissue/hr) compared with most other tissues (see Krebs & Johnson, 1948), 
which may explain why the concentrations found anaerobically were almost as 
great as those aerobically. Levey & Szego (19555) recently found that the 
respiration of the guinea-pig seminal vesicle mucosa had a Qo, (yl. O, consumed/ 


mg dry wt./hr) of approx. 9, which is higher than the value of approx. 6 found . 


in the present work. Whichever Qo, value be taken, however, it may be said 
that the tissue has a rate of anaerobic glycolysis of the same order of magnitude 
as its rate of respiration and, in this respect, it somewhat resembles young 
embryonic tissues, intestinal mucosa and spleen (see Krebs & Johnson, 1948: 
Warburg, 1956). This metabolic pattern in the seminal vesicle epithelium is 
perhaps not surprising in view of tlie fact that the gland rapidly increases in 
size after the injection of testosterone in castrated animals. 
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Changes in the Na, K and Cl concentrations of seminal vesicle mucosa cells 
during incubation. The time curves for the changes in the ionic concentrations 
during aerobic incubation at 37 and 0° C with 20 mm-glucose and 10 mm- 
glutamate are shown in Fig. 2. In the first few minutes there was a rise in the 
Na and Cl and a fall in the K concentrations in the mucosa cells. These changes, 
which occurred at both 37 and 0° C, were down the concentration gradients and 
in accordance with the high Na and Cl, and low K of the medium. They were 
probably due to injuries to the tissue received during slicing. After the initial 


150 


Na+ K; IPC 

Ch OC 

Time (min) Time (min) 


Fig. 2. Changes in the concentrations of intracellular Na, K and Cl during incubation of seminal 
vesicle mucosa slices at 0 and 37° C. Slices of tissue (50-100 mg) were incubated in 3-0 ml. of 
phosphate saline containing 20 mm-glucose and 10 mm-glutamate, pH 7:4, gas phase Q,; 
centre wells contained 0-2 ml. 2 n-NaOH. In the calculation of the intracellular concentra- 
tions from those for the whole tissue, corrections for the extracellular ions were made assuming 
that the inulin space (Fig. 1) represents the extracellular space at both Oand 37°C. The broken 
lines join the values of ionic concentrations found after incubation at 0° C. . 


changes the slices at 37° C extruded Na and Cl and accumulated K. A steady 
state of ionic concentrations was maintained during the 30-50 min interval 
after the start of incubation. The Na, K and Cl concentrations in this period 
represented changes from the fresh tissue of +45mole/g cells for Na and 
—46umole/g cells for K, whilst the change in Cl was +21mole/g cells. The 
sum of the concentrations of Na and K was constant during the whole period of 
incubation (Fig. 2), and there was no increase over the concentration in fresh 
tissue. 

In contrast to the net movements of ions against concentration gradients 
observed at 37° C, similar movements were not found at 0° C. Thus, after 
40 min incubation at 0° C the Na and Cl concentrations in the cells had in- 
creased about sixfold and twofold respectively, and the K concentration fell to 
about 27% of its initial value. 
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Effect of dialysis at.0° C on the.K content of guinea-pig tissue slices. It was of 
interest to find whether much of the K of the seminal vesicle mucosa was 
present in the form of a stable non-ionic covalent complex. Tissue slices, and 
also the vesicular secretion, were therefore dialysed at 0° C against both distilled 
water and 0-9% (w/v) NaCl. Water would be expected to remove diffusible 
K salts and the NaCl solution also to displace any ionic K which might be 
present in the tissue as ‘gegenions’ for non-diffusible anions, such as anionic 
groups in proteins. The results shown in Table 4 indicate that both with water 
and with NaCl solution practically all the K from the tissue and from the 
secretion was removed by dialysis; this result excludes the possibility that K 
could be present in the tissue as a non-ionic complex. (The same experiment 
was performed with slices of guinea-pig kidney cortex and dialysis also removed 
all the K from this tissue.) 


TaBtz 4, The effect of dialysis at 0° C on the K content of guinea-pig tissue slices. The period of 
dialysis was 170 hr. The values in the table for the concentrations after dialysis are maximum 
ones 


Potassium concentration 


(umole/g tissue) 
After dialysis 
Tissue dialysis In water In 0-9% NaCl 
Seminal vesicle glandular wall 100-0 0-2 0-2 
Seminal vesicle secretion 0-9. 0-1 0-1 
Kidney cortex 85-0 0-2 0-2 


Exchanges of seminal vesicle mucosa K in steady-state conditions 

Exchange of K between tissues and blood plasma of guinea-pigs in vivo. 
Table 5 shows the exchange of K between various tissues and blood plasma 
within 24 hr after the injection of the tracer which was kindly made by 
Dr D. R. Wood. The K of the seminal vesicle mucosa had exchanged completely 
with plasma K and no difference was found in the K exchange in tissue slices 
cut from different layers of the glandular wall (see results for first, second and 
third layers, Table 5). In the seminal vesicular secretion, however, only 50°, 
of the K had exchanged with blood plasma K. For comparison, the K 
exchange in kidney cortex was also measured and, as with seminal vesicle 
tissue, the K exchanged completely in 24 hr. 

Exchange of K of seminal vesicle mucosa slices in vitro. Seminal vesicle 
mucosa slices were incubated for 30 min in ordinary non-radioactive saline 
solution and then transferred to another saline solution containing “*K; the 
uptake of “K by the tissue during the following 100 min was measured in 
aerobic and anaerobic conditions at 37° C. The results of a semi-logarithmic 
plot of the data are shown in Fig. 3 (see Whittam (1956) for details of the 
method of plotting). In each condition a fairly fast exchange (rate constant 
about 0-04 min~*) occurred during the first 7 min but thereafter the rate of 
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uptake became much slower (first order rate constant about 0-009 min-), 
The separation of the curve for the uptake into two components may be 
artificial and is difficult to interpret ; either the slices of mucosa contained cells 
with different permeabilities to K or, given a homogeneous population of cells, 
the intracellular K exchanged as two forms with different exchange rates. It is 


TasLe 5. The exchange of K between tissues and plasma in vivo. About 2 ml. of approx. 0-3 x-KCl 
containing ““K (50yc/ml.) was injected into the peritoneum of guinea-pigs which were 
allowed food and water for 24 hr and then killed. Samples of blood were collected from the 
carotid artery and the various organs removed. Measurements were made of the K and radio- 
activity of the tissues and blood plasma and seminal vesicular secretion. Mean values are 
shown with standard deviations and the number of observations is indicated in parenthesis. 
Slices were made from the lumen of the seminal vesicular duct inwards, cutting parallel to the 
first layer of mucosa 


Relative specific activity : 
Amount of K in tissue counts/min/umole K of tissue 
Tissue (umole/g tissue) counts/min/ymole K of plasma 
Seminal vesicle 

First slice 105-0 +. 5-0 (7) 0-98 + 0-11 (7) 

Second slice 105-0+.8-5 (6) — 1-06 + 0-04 (6) 

Third slice : 102-0 + 9-5 (7) 1-04 +0-05 (5) 
Seminal vesicle secretion 1-0+0-6 (5) 0-49 +. 0-15 (5) 
Kidney cortex 76-0 + 2-5 (8) 1-0 +0-05 (8) 
Plasma 8-0+0-7 
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Fig. 3. The uptake 'of labelled potassium by slices of seminal vesicle mucosa during incubation in 
steady state conditions at 37° C. Slices of mucosa (50-100 mg) were incubated in 3-0 ml. of 
phosphate saline, pH 7-4, containing 20 mm-glucose and 10 m-glutamate; gas phase either 

O, or N,; after 30 min incubation the slices were transferred to a similar saline containing 
radioactive K. Values of the ordinate represent the uptake of radioactive K by the tissue and 

the first order rate constants are given by the slope; a,, counts/min/umole K in wnte; aa, 
counts/min/umole K in medium; ©, aerobic; @, anaerobic. 
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not possible from the present data to distinguish between these alternative 


possibilities. The rate constants may be turned into exchange rates in umole K 
exchanging/min/g cells by multiplying by the appropriate K concentrations, 
and the values are about 2 for the more rapidly exchanging fraction and for 
the slower fraction 0-5 anaerobically and 0-7 aerobically. 


DISCUSSION 
The energy supply for ion transport in seminal vesicle mucosa 

The production and maintenance of ionic concentration gradients in animal 
cells requires metabolic energy ‘which is usually entirely provided either by 
respiration or by glycolysis. Thus, the tissues using respiratory energy, such as 
kidney, brain, liver, retina, mammalian muscle, nerve, and also avian erythro- 
cytes, are unable actively to transport ions for a long period of time in the 
absence of oxygen (Terner et al. 1950; Flink, Hastings & Lowry, 1950; Mudge, 
1951; Whittam & Davies, 1953; Calkins, Taylor & Hastings, 1954; Maizels, 
1954; Hodgkin & Keynes, 1955). In these tissues therefore the energy obtainable 
from anaerobic glycolysis is insufficient to support the concentration gradients 
maintained under aerobic conditions. On the other hand, mammalian red 
blood cells and probably frog skeletal muscles derive their energy for ion 
transport entirely from glycolysis (Harris, 1941; Maizels, 1949; Keynes & 
Maisel, 1954), since ions can be actively transported in the absence of oxygen. 

The results in this paper suggest that the seminal vesicle mucosa of the guinea- 
pig may occupy an intermediate position between exclusive dependence upon 
glycolysis or respiration since concentration gradients of sodium and potassium 
were maintained under both aerobic and anaerobic conditions. The concentra- 
tions of ions observed in the tissue clearly depended upon some supply of 
energy from metabolism because the gradients were reduced by DNP aerobi- 
cally and by NaF anaerobically. The seminal vesicle mucosa had a high rate of 
anaerobic glycolysis which may provide sufficient energy for the maintenance 
of the same concentration gradients that are supported aerobically. 

Glucose alone was inadequate as substrate for the support of active ion 
movements and the extra additién of several compounds (glutamate, gluta- 
mine, aspartate or fructose) resulted in the maintenance of concentrations of 
ions nearer to those found in freshly excised tissue. Similar effects with 
glutamate were observed by Terner ef al. (1950) in slices of brain cortex, 
although an enhancement of concentration gradients with glutamate was not 
found in red blood cells (Maizels, 1954), nor in liver (Krebs, Eggleston & 

Terner, 1951). The effects of these specific substrates in facilitating active 
movements of ions is not due to a simple stimulation of respiration and the 
nature of the effect remains unexplained. 

The use of radioactive potassium has shown that the cells of the seminal 

vesicle mucosa are permeable to potassium in vivo and in vitro. The incomplete 
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exchange found im vivo between the potassium of the vesicular secretion and 
blood plasma potassium suggests that once the secretion has been produced 
there may be very little back-diffusion of its potassium into the mucosa cells. 


Movements of ions and water 

The changes in the dry weight of the slices of seminal vesicle mucosa after 
incubation were not very large; none the less, the values shown in Table 3 allow 
a deduction to be made about the passive movements of different ions when 
swelling occurred. When the ionic concentrations are expressed in pmole ion/g 
dry weight of tissue (Table 3) the results show that after aerobic or anaerobic 
incubation, the increase in tissue sodium was approx. 82% of the sum of the 
loss in potassium and the increase in chloride. Since the movement of an ion 
must be accompanied either by a movement of an ion of similar charge in the 
opposite direction or by one of opposite charge in the same direction, this 
result means that the distribution of some other ion or ions must also change. 
It is possible that both a loss of protein anions (cf. Aebi, 1950) and a gain of 
hydrogen ions by the cells help to maintain the balance of ion movements. The 
main ionic changes, however, consisted of an entry of sodium chloride into the 
cells together with an exchange of internal potassium for extracellular sodium. 

The dry weight of the tissue after anaerobic incubation was only 6% less 
than that aerobically, unlike the much bigger differences found in tissues 
which respire more vigorously. Since the hydration of cells in liver, kidney and 
brain is undoubtedly a function of their metabolism as well as of the external 
osmotic pressure (see Robinson, 1953), the small difference in water content in 
the seminal vesicle mucosa slices aerobically and anaerobically provides added 
support for the view that this tissue can maintain its normal intracellular 
composition with energy from respiration or glycolysis. The present results 
show the importance of an energy supply for the maintenance of the intra- 
cellular ionic concentrations in the seminal vesicle mucosa, but it remains for 
further experiments to find what are the changes in the content and distribu- 
tion of ions after castration and treatment with testosterone. 


SUMMARY 


1. The distribution of sodium, potassium and chloride between sections of 
the seminal vesicle mucosa of the guinea-pig and a physiological saline has 
been measured after incubation under various conditions. The fresh mucosa 
contained the same concentrations of sodium (33-5ymole/g tissue), potassium 
(102-5zmole/g tissue) and chloride (46-5umole/g tissue) as the underlying 
muscular wall. The secretion contained very small concentrations of sodium 
(13-5mole/g), potassium (1-6mole/g) and chloride (11-1 »mole/g). 

2. After aerobic incubation at 37° C high potassium and low sodium con- 
centrations were maintained by slices of mucosa but not by slices of the deeper 
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layers of the glandular wall. The addition of glutamate, aspartate, glutamine 
or fructose to glucose in the saline resulted in greater concentration gradients in 
the tissue than with glucose alone. After anaerobic incubation the mucosa 
contained about the same sodium and potassium as aerobically, probably 
owing to an adequate supply of energy from the high anaerobic glycolysis of 
the tissue. The concentration gradients were reduced aerobically by DNP and 
anaerobically by sodium fluoride. 

3. The potassium of the seminal vesicle mucosa exchanged completely with 
blood plasma potassium in vivo; in vitro the tissue potassium exchanged with 
the same rates both aerobically and anaerobically. 


We thank Professor H. A. Krebs for his interest in this work, Dr T. Mann for detailed discussion 
of the manuscript and results, and Professor A. L. Hodgkin for reading the final draft of the paper. 
versity of Sheffield for the John Stokes Research Fellowship. 
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THE EFFECT OF VARIATIONS. IN BLOOD SUPPLY ON THE 


SECRETION RATE AND COMPOSITION OF PAROTID SALIVA 
IN Nat-DEPLETED SHEEP 


By D. A, DENTON* 
From the Department of Physiology, University of Melbourne, Australia 


(Received 28 June 1956) 


Sheep with permanent unilateral parotid fistulae may be maintained in good 
health indefinitely provided that sufficient NaHCO, is added to the dietary 
intake to compensate for the Na* lost each day in the 1-41. of hypertonic 
alkaline parotid saliva. It has been shown (Denton, 1956a) that withdrawal 
of this supplementary Na* intake results in Na* depletion and, as the extent 
_ of this increases, the ratio Na*/K* in the parotid saliva falls progressively 
from a normal value of 18-0 (180: 10 m-equiv/l.) to as low as 0-06 (10: 180 m- 
equiv/l). Restoration of the dietary NaHCO, supplement, in an amount 
sufficient to correct the Na* depletion, causes the Na*/K* ratio in the parotid 
saliva to return to normal. . 
Gross Na* depletion causes a fall in plasma Na* concentration (Denton, 
19566). That the absolute plasma Na* concentration is not, by itself, the 
direct cause of the changed Na*/K* ratio in parotid saliva in these circum- 
stances is indicated by the observation (Denton, unpublished) that if the water 
intake of sheep is severely restricted during Na* depletion, the plasma Na* 
concentration increases above control period values, but the Na*/K* ratio 
of parotid saliva falls as in Na* depletion alone. It has also been shown that 
gross Na* depletion significantly reduces total body water and plasma volume 
(Denton, 19566); and such changes, by their influence on circulatory dynamics, 
might reduce the amount of Na* presented to the parotid cells/unit time even 
of the water-depleted animal with raised plasma Na* concentration. This 
could well underly the change observed in the Na*/K* ratio of parotid saliva. 
In order to obtain further information régarding the causes of the change in 
Na*/K* ratio of parotid saliva during Na* depletion, it became necessary to 
determine the effects on parotid secretion, and in particular on the Na*/K* 
* Aided by grants from the National Health and Medical Research Council, the Wool Industry 
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ratio, of altering the blood supply to the gland in conscious sheep, both normal 
and Na*-depleted. For this purpose, two sheep were provided with bilateral 
carotid loops. The carotid sinus nerve was cut on the side of the parotid 
fistula. This loop served for measurements of blood pressure, and for stimula- 
tion of parotid secretion and blood flow by intra-arterial infusion of acety]- 
choline. The loop on the opposite side was not denervated; and since a 
baroceptor reflex has been shown to exist in the sheep (see ‘ Results’), reflex 
increases in systemic blood pressure could be produced by occlusion of 
this loop. In such reflexes the sympathetic nerves, including those to the 
parotid gland, are involved. Their influence on parotid secretion in such circum- 
stances could be ascertained by reason of the fact that in one of the sheep the 
sympathetic nerve supply to the parotid gland was divided, in the other it 
was not. 

A considerable fall in blood supply to the head and presumably to the 
parotid gland could be produced by occlusion or near-occlusion of both loops. 
The effect of this procedure was more severe in one of the sheep, which had had 
the left occipital artery ligated, than in the other which had not. The results 
of the work to be reported indicate that while some alteration in the Na*/K* 
ratio of saliva can be produced by alterations in blood supply to the gland 


during Na* depletion, indicating the existence of a ‘local factor’ in the low. 


Na*/K* ratio found in this state, the major cause of this striking phenomenon 
must be sought elsewhere. 


METHODS 


Two sheep (P.F. 7 and P.F. 16) were prepared surgically for these experiments as follows: after 
induction of anaesthesia both sheep were provided with a left parotid fistula, the duct and papilla 
being enclosed in a skin tube so that a teat about 2 cm long was formed for easier collection 
(Denton, 19565). At subsequent operations bilateral carotid loops (van Leersum, 1911) were 
prepared and the left baroceptor nerves divided. In sheep P.F. 16 the left superior cervical 
ganglion and a portion of the left cervical sympathetic trunk in the root of the neck were removed, 
and the left occipital artery ligated. The removal of the ganglion was confirmed histologically, and 
it was demonstrated at operation that stimulation of the cranial end of the divided sympathetic 
trunk did not cause the characteristic gush of parotid saliva (Coats, Denton, Goding & Wright, 
1956). 

The procedure of observation of animals in metabolism cages has been described previously 
(Denton, 1956a). In the present experiments, the saliva-collecting system of the metabolism 
cage was removed, washed with glass-distilled water, dried and replaced each day rather than at 
the end of each balance period. 

Saliva collections from the skin teat were made either into a stainless steel kidney-dish, or more 
often a stainless steel device with a very steep incline was inserted into the metabolism cage in 
which the animal was standing (Fig. 1). The saliva fell on this device and ran rapidly to a collect- 
ing cylinder. The sheep had been in metabolism cages and had been handled most days for a period 
of six months before these experiments were carried out. Thus they were quite undisturbed by the 
presence of an observer making a saliva collection and stood quietly during intracarotid infusions 
which lasted 2-12 hr (see below): there was rarely any increase of cardiac rate during the infusion. 

In acute experiments, blood pressure was recorded on smoked paper on a kymograph from s 
cannula tied into the femoral artery. In survival experiments the blood pressure was recorded 


the 
6-10 
loop 
app 
In 
need 
| This 
coulc 

i 


SALIVA IN Na*-DEPLETED SHEEP 229 


from the carotid loop on the side on which the carotid sinus nerve had been cut. The measurement 
was made with the animal standing quietly in its cage with the head erect. The cuff, which was 
made from the type used to measure the blood pressure of babies, had a window covered with 
surgical glove rubber on the inner surface (Verney & Vogt, 1938). This cuff was snugly applied to 
the carotid loop with the aid of # large paper clip. The cuff was inflated above systolic pressure 
and then gradually released. The pressure was recorded as that at which a pulse was first 

cally palpable cranial to the inflated cuff. The pressure was also taken by auscultation (Fig. 1) and 


Fig. 1. Measurement of systemic blood pressure in denervated carotid loop by auscultation; 
the stainless steel device for collecting saliva is in place; the teat of the parotid fistula can be 
seen on the cheek. 


the comparison showed that the pressures recorded by the above method were consistently 
6-10 mm Hg less than systemic systolic blood pressure recorded by auscultation. The right carotid 
loop was occluded by application of an ordinary spring clothes peg after protecting the site of 
application by wrapping with several layers of dental rubber. 

Infusions into the common carotid artery via the carotid loops were made through a 23-gauge 
needle connected to a polythene tube which was temporarily fixed to the loop with adhesive tape. 
This polythene tube led to a small manifold which was arranged so that more than one fluid 
could be infused into the artery at once if desired. A mercury pump was used for the infusion. 

15-2 
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This consisted of a very fine capillary delivering a spray of mercury into a pressure bottle from a 
column. This displaced the fluid to be infused and the rate was adjusted by varying the height of the 
column. The infusionsof ACh (2 x 10-*in a solution of 5% glucose in glass-distilled water) were made 
by this technique. A geared electric motor with constant voltage supply was used to depress the 
plunger of a 50 ml. syringe for the infusion of NaCl solution. Full aseptic precautions were taken 
in the preparation of infusion fluids and the apparatus. There were no reactions to the infusion. 
For chemical methods, see Denton (19562). 

The animals were maintained on a daily ration of 0-6 kg of lucerne chaff containing approxi- 
mately 20 m-equiv Nat. They were given by rumen tube a supplementary intake of 600 m-equiv 
NaHCO,/day. Na+ depletion was produced by withholding the supplementary NaHCO, intake 
or reducing it to 100 m-equiv NaHCO,/day. In these circumstances, the saliva composition was 
consistently in the range Nat 50-100 m-equiv/1.; K+ 140-80 m-equiv/l. Frequent analyses showed 
that the urinary Na+ excretion was less than 1 m-equiv/day. The animals could be maintained in 
this state of depletion for 6-8 weeks, 
depleted of as much as 400-700 m-equiv of Na+ (Denton, 19565). 


RESULTS 


As a preliminary to subsequent experiments, the existence of a ‘carotid sinus 
reflex’ mechanism in the sheep was established. Dissection of ten heads 
showed that on each side two nerves arose from the region of the junction of 
the common carotid and occipital arteries—there is no internal carotid artery 
in the sheep. One nerve, A, arose from the superficial surface of the occipital 


Fig. 2. The effect on systemic arterial blood pressure in an anaesthetized sheep of 5 min faradic 
stimulation of the central end of the baroceptor nerve A (sinus nerve, see text); time marker 
30 sec. 
artery and joined the IX nerve as it passed beneath the superior border of the 
posterior belly of the digastric muscle. Faradic stimulation of the central 
end in acute experiments caused a rapid fall in blood pressure from 140 to 
60-70 mm Hg and cardiac slowing (Fig. 2). There was no accommodation after 
5 min stimulation (O’Connor, 1955). 
On ceasing stimulation blood pressure returned gradually to normal. 
After bilateral vagal section at the level of the hyoid, stimulation caused a 
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much slower fall in arterial pressure to 90-100 mm Hg. Stimulation of the 
central end of the IX nerve distal to its junction with this nerve (A) had no 
effect on blood pressure. 

The second nerve, B, arose from the deep surface of the carotid artery about 
3—5 mm caudal to the origin of the occipital artery, ascended parallel to nerve A 
and entered the skull between the IX nerve and the superior cervical ganglion. 
Stimulation of the central end of this nerve had no effect on heart rate or 


blood pressure; it was, however, cut in the ‘ —e animals at the same time 
as nerve A. 


TaBxe 1. The effect of Na* depletion and the carotid sinus reflex on blood pressure 


(measured by palpation) 
Blood pressure with 
Blood pressure innervated carotid loop 
Sheep and day (mm Hg) occluded (mm Hg) 
(December 1955) Na* balance (no, of observations) (no. of tein et 
P.F. 7 
5 Normal 90 (2) 122418 (2) 
9 Normal 98+ 4 (4) 120+ 5 (3) 
12 Normal 80+ 5 (6) 94+ 7 (8) 
16 4 days’ depletion 69+ 5 (6) 119+ 15 (8) 
19 7 days’ depletion 76+ 4 (3) -- 
23 2 days positive 934 3 (10) 104+ 26 (8) 
P.F. 16 
5 914 6 (8) 110+12 (6) 
9 4 days’ depletion 82+ 6(4 87+ 5(3 
16 11 days’ depletion 774+ 3 (10) 97 +10 (6) 
18 13 days’ depletion - 794 2(7) 914 7 (6) 
20 2 days positive 83+ 4 (10) 93+ 5 (7) 
22 Normal 85+ 6 (7) 102+ 6 (4) 
ai Observations made with sheep on its side 
a + 
N 104+ 5 (5) 122+10 ie. 
5 Normal 1054 3 (2) 1154 3 (4) 
* 1954. 
+ January 1956, 


Digital compression of the carotid artery at the origin of the occipital 
artery caused a similar fall in blood pressure to stimulation of nerve 4; 
simultaneous compression of the artery at points 2-3 cm, above and below this 
region raised the arterial pressure by 10-15 mm Hg. The normal blood pres- 
sure, measured in the left loop by compression with a cuff and palpation or 
auscultation, was 80-100 mm Hg, when the animal stood quietly in its ‘cage 
with the head erect (Table 1). If, however, the sheep were taken out of its 
cage and gently secured on its side, the blood pressure rose to 100-130 mm Hg 
and in sheep P.F. 7, as in other sheep tested, this procedure inhibited the con- 
tinuous secretion of parotid saliva characteristic of the ruminant, as also did 
continued stimulation of the cervical sympathetic in anaesthetized sheep 
(Coats et al. 1956). Occlusion of the right (innervated) carotid loop for 3-10 min 
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raised the blood pressure by 10-50 mm Hg. If this were done with the animal 
lying on its side, blood pressures as high as 170-190 mm Hg were recorded. 
During occlusion, the cardiac rate usually decreased by 5-20 beats/min. 

It was concluded that a baroceptor reflex exists in the sheep and that 
nerve A described above corresponds to the carotid sinus nerve described by 
de Castro (1926—28) in the bull. 


The effect of reduction of blood flow on parotid secretion 

In these experiments the blood flow to the head and hence to the parotid 
gland was altered by restricting the flow in the carotid arteries. Either the 
left (denervated) or right (innervated) arteries, or both, were occluded. 
Alternatively, the right artery was occluded, and a manometer cuff applied to 
the left artery. This cuff could be inflated so that graded constriction was 
obtained and when desired the pressure could be raised to 80-100 mm Hg, 
at which level only a small thrill was palpable cranial to the cuff. The changes 
in cranial blood pressure produced by such procedures were first determined 
directly as follows. In P.F. 16, whilst in normal Na* balance, a manometer 
cuff was applied to the left carotid loop as for measurement of blood pressure by 
auscultation. As far cranial to this cuff as possible, a 20-gauge hypodermic 
needle was inserted in the artery. This needle was connected to a mercury 
manometer by a polythene tube, through which a slow flow of heparinized 
saline was maintained by a side arm leading to a motor-driven syringe. The 
initial reading was 90 mm Hg. On occlusion of the right carotid loop, the 
pressure rose to 100-104 mm Hg. The manometer cuff on the left loop was 
now inflated. When the cuff pressure reached 70-80 mm Hg, the blood pres- 
sure in the loop had fallen to 50 mm Hg. When the cuff pressure exceeded 
100 mm Hg, the blood pressure in the loop had fallen to 35-40 mm Hg and the 
sheep commenced to stagger and shake. On releasing the right loop, the blood 
pressure in the left loop rose within 30 sec to 106 mm Hg, although the cuff 
on the left loop was still inflated to 80 mm Hg pressure. If the right loop were 
left patent, and only the left loop occluded, there was little effect on blood 
pressure measured in the left loop as above until the cuff pressure exceeded 
80 mm Hg. Increase of the cuff pressure until it produced occlusion (150 mm 
Hg) caused the blood pressure in the left loop to fall to 50-60 mm Hg. This 
did not disturb the animal. 

Simultaneous occlusion of both arteries had little effect on P.F.7 apart 
from a noticeable tendency to yawn and grind the teeth. When the procedure 
was carried out while the animal was in Na‘ depletion, this behaviour was 
somewhat more noticeable, in addition to which the animal sometimes became 
restless and appeared apprehensive. In P.F. 16, in which the left occipital! 
artery had been ligated, 1-3 min occlusion of both arteries caused the sheep 
_ to stagger and fall down. It recovered within 30 sec of releasing one loop. If, 
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however, one loop were completely occluded and the cuff on the other inflated 
until a pulse was just barely palpable cranial to the cuff for 3-5 min before 
occlusion, the animal withstood this with no more disturbance than P.F. 7. 
However, when depleted of Na*, P.F. 16 could not tolerate occlusion of both 
arteries however produced. 

Normal Na* balance. Complete occlusion of both carotid arteries had little 
effect on either rate of secretion or electrolyte composition. Thus, in an experi- 
ment on P.¥.7, the control secretion rate was 2-3 ml./min. After 20 min 
occlusion of right loop, with cuff on left loop at 90 mm Hg, secretion rate 
was 1-90 ml./min. During the next 10 min, with both loops occluded, the 
rate was 2:3 ml./min; during release of the left loop only for 10 min it was 
2-3 ml./min and during 30 min with both loops released, 2-3 ml./min. No 
changes in composition occurred. Similar results were obtained with P.F. 16 
(Table 2). 


Taste 2. The effect on secretion and on Na*/K* ratio of parotid saliva of bilateral 
occlusion of carotid loops in sheep P.F. 16 in normal Na* balance 


Time Secretion rate 
(min) (ml. /min) Na*/K* 
0- 30 1-92 18-7 
30- 63 1-06 24-8 
64— 95 1-52 26-1 
96-128 1-25 24-6 
129-148 1-39 22-1 
152 t (innervated) oc- 
at 100 deri 
mm Hg: 
5 min of next period left 
at 130-140 mm Hg 
152-172 1-00 22-4 
172 Both loops released 
172-190 1:36 22-1 
191-211 1-15 21-4 
212-272 2-17 25°3 
273-333 2-28 26-4 
334-374 2-25 25-2 
375-405 2-27 28-8 
406-418 2-58 26-1 


Sodium depletion. In both sheep, 4-13 days’ Na* depletion caused the arterial 
pressure to fall by 10-20 mm Hg (Table 1). In another experiment on sheep 
no. PF. 16, in which the blood pressure was recorded by auscultation, it was 
found that after 2 days’ Na* depletion, which usually results in a negative 
Na* balance of 300-500 m-equiv (Denton, 1956), the blood pressure fell from 
90/67 mm Hg (mean of 30 readings) to 79/59 mm Hg (mean of 13 readings). 
In both sheep occlusion of the right (innervated) carotid loop continued to 
cause @ reflex rise in blood pressure during Na* depletion (Table 1). The pres- 
sure usually rose above the value normal for the same sheep before Na* 
depletion (Fig. 3). 

Occlusion for 20-30 min of both loops in P.F. 7, or occlusion of the right loop 
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and near-occlusion of the left loop in P.F. 16, caused a definite reduction of of 
secretion rate and Na*/K* ratio of saliva. On simultaneous release of the of 
arteries, the secretion rate and Na*t/K* ratio of the saliva was increased rat 
considerably above the control level for a period of 10-30 min (Fig. 4). The 
reduction of secretion rate occurred immediately upon occlusion; and if an 
during occlusion one artery were temporarily released, there was a gush of litt 
5—10 drops of secretion from the fistula within 10 sec. The post-occlusion period 
est 
2" 
3 wa 
thi 
cal 
Fig. 3. The effect on systemic blood pressure measured in the left (denervated) carotid loop of 
occlusion of the right (innervated) loop. Sheep P.F. 7, Na*+-depleted. 
= fo 
£ ch 
ate 
ast 
1 of 
3 é 
Na+ th 
= sw 
K+ 
Hours pa 
Fig. 4. The effect on parotid secretion rate and saliva composition of occlusion (at signal) of the ps 
contralateral (innervated) carotid loop and compression of the ipsilateral (denervated) loop Fear 
by 80 mm Hg pressure: sheep P.F. 16, Na*-depleted. we 
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of increased secretion occurred if either artery alone were released. Occlusion 
of the left artery alone in either animal caused a slight increase in secretion 
rate. 

Thus the blood supply to the parotid gland was reduced in a conscious 
animal. This reduced the salivary Na*/K* ratio of a Na*-depleted sheep but had 
little effect when Na* balance was normal. 


The effect of raised blood pressure on parotid secretion during Na* depletion 

The sheep (P.F. 7) was Na*-depleted. When three control collections had 
established that the secretion rate of the left parotid gland was constant, the 
right carotid loop was completely occluded for 10-15 min. Saliva collection 
was continued during and after occlusion. The cardiac rate was observed 
throughout. It was found that occlusion of the right common carotid artery 
caused a definite increase of secretion rate and that this sometimes persisted 


Tasxx 3. The effect of carotid occlusion on the Na*t/K* ratio of parotid saliva 
in a Na*-depleted sheep P.F. 7 
Secretion Cardiac 


Time rate Ratio: rate 
(min) (ml./min) Na*/K* (beats/min) 
17 carotid innervated 
24-34 20 rs 50, 48, 48 
36 Carotid loop unclamped 48 
38-48 2 1-76 60, 54, 50 
55 Left carotid loop (denervated) clamped 
56-66 1-75 
72 Carotid loop unclamped 
73-83 1-30 1-52 48 


for an hour or more after the cessation of occlusion. The persistence of the 
change was not greatly influenced by occlusion of the left carotid loop immedi- 
ately following release of the right loop. This increase of secretion rate was 
associated with a clear-cut rise of salivary Na*/K* ratio. Table 3 is typical 
of five such experiments. Occlusion of the right loop usually had little effect 
on secretion in P.F. 16, which had had the superior cervical ganglion removed 
on the side of the fistula. 

The question arises from the experiments on short duration occlusion whether 
the increase of secretion rate was caused by the rise of systemic blood pres- 
sure (Fig. 3), or whether it was a consequence of increased blood flow through 
the gland. This latter possibility might be inferred from the fact that after 
occlusion of the right loop virtually all blood to the head would be carried by 
the left artery, apart from the right occipito-vertebral anastomosis, and the 
parotid gland vasculature might partake in a general vaso-dilatation consequent 
on the opening up of many anastomotic channels. Consequently, an experi- 
ment was made on the effect of right loop occlusion whilst an infusion of ACh 
was running into the left carotid loop. This experiment would be pertinent 
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to a third possible consideration, namely that the rise of systemic blood 
pressure, which was evoked by the right carotid sinus reflex, resulted from 
vasoconstriction which also involved the vasculature of the left parotid gland, 
and hence the secretory response to rise of blood pressure was not as great as 
would otherwise have been the case. In this instance, such an effect would be 
eliminated by the infusion of ACh into the left parotid gland vasculature. 

It was found in three experiments that occlusion of the right loop during 
an ACh infusion into the left loop had virtually no effect on the salivary secre- 
tion rate or on the Na*/K* ratio of the saliva (Fig. 5). Since the ACh infusion 
was running into the left loop it was not possible to measure directly that a 
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Fig. 5. The effect of intracarotid ACh infusion (lower signal) and carotid loop occlusion (upper 

signal) on saliva composition of sheep P.F’. 7 in moderate Na+ depletion; @, Na; x, K. 
blood pressure rise occurred. However, in each instance when the right loop 
was occluded there was the usual decrease of cardiac rate, as can be seen 
from the figures of the average cardiac rate for each collection period at the 
top of Fig. 5. As such change of cardiac rate usually occurred when the blood 
pressure was measured and found to rise, it seems a likely assumption that the 
figures indicate that the blood pressure rose upon right loop occlusion in this 
instance. 

It appeared desirable to determine the effect on salivary Na*t/K* ratio of 
occlusion of the right artery for a much longer period. Consequently, after a 
period in normal electrolyte balance, the NaHCO, supplement was withdrawn 
from P.F. 7 (Fig. 6) and the salivary Na*/K* ratio was observed to fall 
progressively as the sheep became more depleted of Na*. Between the 3rd 
and 4th day of negative balance the right loop was well covered with fine 
sheet rubber, and kept occluded for 24 hr. The occluding device was moved 
frequently during this period. Fig. 6 shows that this procedure made little or 
no difference to the slope of the curve of salivary Na* and K* concentrations. 
No measurements were made to determine whether the blood pressure remained 
elevated, but the diversion of flow would have been sustained. On the 7th day 
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of negative balance, 120 m-equiv NaHCO, were given by rumen tube, and 
the usual unequivocal parotid response to a change of external Na“ balance 
occurred. | 

Occlusion of the right (innervated) carotid loop caused a transient rise of 
secretion rate and salivary Na*/K* ratio during Na* depletion. The experi- 
ments did not define conclusively whether this was due to the rise of systemic 
blood pressure or increase of blood flow. 


Fig. 6. The effect on salivary Na+ and K+ concentrations of 24 hr continuous occlusion (between 
arrows) of the right (innervated) carotid loop; sheep P.F. 7, progressive Na+ depletion; 
@, Na; x K: black columns show NaHCO, (m-equiv/day). 


Intracarotid acetylcholine infusion 

Normal sheep. In control experiments before Na* depletion was produced, 
ACh (2x 10-5 in 5% glucose solution) was infused at 0-6 ml./min into the 
left (denervated) carotid loop. Secretion immediately increased from a basal 
rate of 1-0-1-5 to 6-8 ml./min. During the next 30-90 min, the rate gradually 
decreased to 3-5 ml./min, at which it remained for the duration of the infusion. 
This large and protected increase in secretion caused little or no change in the 
salivary Na*t/K* ratio. Occlusion of the innervated carotid loop on the opposite 
side (right) for 10-15 min during such infusions did not alter the Na*/K* ratio. 

Na*-depleted sheep. Eleven experiments were made in which ACh was 
infused for periods of 1-11 hr. On the morning of the experiment the usual 
small supplement of 100 m-equiv NaHCO, was withheld. After 2-3 hr 
control collection of saliva, ACh infusion was begun and collection continued. 


A substantial increase in secretion occurred, together with evidence of 
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vasodilatation—-reddening of the skin of the face and upper neck, The 
cardiac rate varied between 50 and 80/min and the animals were not disturbed. 
Table 4, which summarizes the results of the eleven experiments, shows 
that in all instances ACh infusion increased the Na*/K* ratio, and in most 
experiments the ratio was higher in the last collection during infusion than in 
the first. The changes produced correspond to a rise of 25-50 m-equiv in 
salivary Na* concentration, and a reciprocal fall in salivary K* concentra- 
tion. However, it was clear from the infusions of a long duration that the 
Na*/K* ratio did not change continuously but remained constant during the 
last 1-3 hr. The change produced in the ratio appeared to be related to the 
degree of Na* depletion, being greatest when Na* depletion was greatest. 


Taste 4, The effect of intracarotid acetylcholine infusion on salivary Na*/K* ratio 


of Na*-depleted sheep 
First collection 
after infusion Last collection 
Con started: during infusion : 
Duration of Na*/K* ratio Na*/K* ratio Na*/K* ratio 
acetylcholine (secretion rate, (secretion rate, (secretion rate, 
Sheep infusion (min) ml./min) ml./min) ml./min) 
P.F. 7 12 0-76 (1-20) 1-77 (4-10) 2-30 (4-0) 
56 2-50 (1-45) 3-21 (4-20) 2-73 (2-0) 
195 0-66 (0-97) 1-05 (2-42) 1-98 (1-82) 
225 0-56 (0-95) 0-97 (3-48) 1-27 (1-82) 
235 0-27 (1-27) 1-30 (11-14) 1-16 (3-57) 
257 0-43 (1-04) 1-78 (6-0) 1-71 (3-26) 
P.F, 16 682 0-13 (0-65) 0-64 (3-94) 1-34 (1-57) 
453 2-58 (1-42) 2-63 (3-19) 3-67 (2-0) 
372 1-18 (0-47) 1-87 (3-76) 1-95 (1-91) 
130 0-81 (1-25) 1-69 (4-23) 1-31 (2-87) 
220 0-26 (0-60) 2-69 (5-94) 1-82 (4-67) 


In these experiments, it could be reasoned that the infusion, by causing a 
large increase in secretion and hence further depleting the animal of Na*, to 
some extent negated its own effect on the salivary Na*/K* ratio. Accordingly 
in one experiment, on a sheep grossly depleted of Na*, after 6 hr ACh 
infusion 4 M-NaCl was infused in addition for 70 min at 0-31 ml./min (Table 5). 
Thus 22 ml. containing 88 m-equiv Na* were given, corresponding almost 
exactly to the Na* lost in the 1062 ml. saliva secreted during the previous 
6 hr. A small rise in salivary Na* concentration occurred but this never | 
reached 100 m-equiv. The salivary Na*/K* ratio was virtually unchanged 
during the last 2 hr of the ACh infusion. 


Secretion rate and saliva composition in Na* depletion 
Analysis of saliva collected from Na*-depleted sheep during the course of 
days which included reduction of secretion by experiments already described, 
and periods of rumination and psychic stimulation when salivation was 
increased, indicated the existence of a relation between secretion rate and 
composition (Fig. 7). The concentration of Na* rose, and that of K* fell, in 
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Tasxe 5, The effect of ipsilateral intracarotid infusion of acetylcholine and NaCPsolutions 
on the salivary Na*/K* ratio of Na*-depleted sheep P.F. 16 

Secretion Ratio: 
Time (min) (ml./min) Na*/K* 
0- 37 0-65 0-13 
39 Started ACh infusion* 1 ml./min 
39- 99 3-94 0-64 
99-154 3-18 0-91 
164-214 0-95 
214-274 2-95 0-93 
274-334 0-50 0-99 
334-394 2-17 1 
400 Started 4 m-NaCl 0-31 ml/min; 
400-430 2 30 
430-470 2 1-47 
470 NaCl sto (total 
22 ml ony Na*); ACh 
470-500 1-77 1-53 
500-527 1-70 1-57 
537-662 0-56t 1-43 
562-596 1-09+ 1-15 
596-626 1-83 1-35 
626-656 1-73 1- 
656-686 ; 1-42 
686-716 1-34 
717 ACh infason stopped 
717-744 1-30 
762-792 O33 0-46 
*2x in 5% glucose. 
+ Needle temporarily out of artery. 


Parotid secretion rate (mi./min) 

Fig. 7. Therelation betw ary secretion rate and Na* and K+ concentrations of Na*-depleted 
sheep, P.F. 7; 9 days’ ak x ; 16 days’ depletion (small Na* supplement 
given between 9th and 16th days), Nat @, K+ m. P.F. 16; 9 days’ depletion, Na+ @, K* gi; 

4 days’ depletion, Na+ O, K* x. 
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apparently linear fashion (P <0-01 in all instances) with increasing rate of 
secretion over the range observed (approx. 0-5-3-0 ml./min). As can be seen 
in Fig. 7, the greater the degree of Na* depletion, the further along the secre- 
tion-rate axis the Na* and K* concentration lines intersect and, as will be 
indicated in a subsequent publication, this arbitrarily chosen point probably 
represents a measure of the circulating humoral influence evoked by Na* 
depletion. However, as indicated by the data of Table 4, greater stimulation 
of secretion by intracarotid ACh infusion, even where rates of more than 5 ml./ 
min were observed, did not cause the Na*/K* ratio to rise to a value predicted 
by extrapolation of the lines shown in Fig. 7. In other words, these lines must 
really be curvilinear; tending to become parallel with the abscissa at higher 
secretion rates. Fig. 8 shows this effect in P.F. 7. 

Thus stimulation of secretion rate in a Na*-depleted sheep caused the 
salivary Nat/K* ratio to rise, but in no instance did it cause the ratio to 
approach normal or anywhere near this. . 


Na*/K* ratio 


4, 4 6 8 
Parotid secretory rate (ml./min.) 


Fig. 8. P.F. 7, Na*-depleted: relation between salivary Na+/K+ ratio and secretion rate, during 
maximal secretomotor stimulation of the parotid by intracarotid ACh; @, control; O, during 
ACh infusion. 


DISCUSSION 


The experimental procedures aimed at altering the secretion rate and blood 
supply of the parotid gland. It seemed important to interpretation that this 
was done in conscious, trained animals which were undisturbed by the pro- 
cedures (Pavlov, 1897; Verney, 1947). Whereas this variation caused little 
change in salivary Na*/K* ratio of a sheep in normal Na* balance, it had a 
significant effect on the salivary Na*/K* ratio of a Na*-depleted sheep. 
Over a limited range of secretion rate there was a linear relation between 
secretion rate and salivary Na*/K* ratio. The experiments did not differentiate 
whether this ‘local factor’, involved in the fall in Nat/K* ratio in Na* 


depletion, was the secretomotor mechanism itself, the parotid blood flow, or 


the amount of Na* presented to the secretory cells, However, in relation to 
interpretation of the water-depletion experiments (see p. 227) in so far as they 
bear on the Na* load to the parotid cells, ACh stimulation adequate to cause 
secretion rates of 4-10 ml./min probably increased the blood flow, and hence 
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the Na* load, very considerably. This was very likely in the experiment in 
which 4m-NaCl was infused during the ACh infusion. 

Therefore, considered in conjunction with the effect of the carotid sinus 
reflex, the Na*-depleted sheep were given sustained periods during which the 
_ blood pressure, parotid blood flow and Na* load to secreting cells were prob- 
ably considerably greater than those usually pertaining under basal conditions, 
when the animal was in normal Na* balance and secreting saliva of normal 
Na*/K* ratio. However, in no instance did this large haemodynamic change 
cause the salivary Na*/K* ratio to change to normal or 4pproach anywhere near 
normal (Table 4 and Fig. 7). It seems that the change in salivary Na*/K* ratio 
seen in Na* depletion is not a simple and direct consequence of a reduction 
in the amount of Na* per unit time presented to the secretory cells. This 
contention is further supported by the results of McDonald & Denton (1956) 
when, during ACh infusion, 4m-NaCl was infused at 1-6 ml./min and the 
Na* concentration of the blood perfusing the parotid gland was found to rise 
by 18 m-equiv/l.: during this 4m-NaCl infusion there was little change in the 
salivary Na*/K* ratio. 

Whereas interpretation of the above experiments has involved the likely 
assumption that a large measured increase of secretion rate was associated 
with an increased parotid blood flow (Langley, 1898; Coats et al. 1956), in the 
case of the experiments on carotid loop occlusion it was determined directly 
that a large reduction of cranial blood pressure did occur. The close relation 
over very short time intervals of secretion rate and the pressure of the ipsi- 
lateral occluding cuff suggested that the reduction of secretion rate was 
directly caused by the reduced blood flow rather than was it secondary to 
reduction of parasympathetic motor impulses to the gland. It might be 
argued in the case of P.F. 7 that the reduction of secretion. was caused by a 
sympathetic effect secondary to the reduced cerebral blood pressure and 
blood flow. However, no gush of saliva characteristic of sympathetic stimula- 
tion of the parotid gland was seen when the occlusion was first made, and clearly 
in P.F..16 (Fig. 4) this possibility was eliminated. 

The capacity of the sheep to withstand bilateral carotid occlusion is 
probably a consequence of the large occipito-vertebral anastomoses which are 
easily demonstrable by dissection. The diminished ability to do so during 
Na* depletion was interesting collateral evidence of the circulatory effects of 
negative external Na* balance of 500-900 m-equiv (Denton 19565). On the 
evidence available, it cannot be determined whether the inferior ability of 
P.F. 16 to withstand bilateral occlusion was a matter of individual variation or 
contingent on the extirpation of the left. superior cervical ganglion and ligation 
of the left occipital artery. The fall of blood pressure which occurred during 
Nat depletion was probably significant, though not large. 

There is also some indirect evidence on the effect of reduction of glandular 
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blood flow in a Nat-depleted sheep. It has been shown that after an initial 
gush of saliva, protracted stimulation of the cervical sympathetic reduces 
parotid secretion rate and blood flow (Coats et al. 1956). As already indicated, 
removing a sheep from its cage and securing it on its side upon a table resulted 
in @ very great reduction of salivary flow: secretion sometimes ceased com- 
pletely for 10-30 min. This effect, which caused a large reduction of Na*/K* 
ratio of the saliva of a Na*-depleted sheep but little change when the sheep 
was in normal Na* balance, was immediately reversed by intracarotid infusion 
of ACh. The effect was greatly reduced if the ipsilateral superior cervical 
ganglion were removed, or if the animal were trained by frequent repetition of 
the procedure. It does, however, occur in a bilaterally adrenalectomized 
sheep (Denton, unpublished). Whereas a Na*-depleted sheep, while in the 
cage, secreted saliva at 1-0 ml./min with Na*/K* ratio of 80/120 =0-6, upon 
being placed on the table the secretion dropped to 0-1 ml./min, and the com- 
position changed to a Na*/K* ratio of 10/190 =0-05. This effect was mediated 
via the cervical sympathetic, and the reduction of saliva flow and Na*/K* ratio 
was probably associated with a reduction of glandular blood flow (Coats 
et al. 1956). | 

The experiments here, and similar observations on P.F. 17, indicated that 
division of the carotid sinus nerve, and division of the ipsilateral cervical 
sympathetic and removal of the superior cervical ganglion, had no influence 
on the response of the parotid gland to Na* depletion. 

In conclusion, while these experiments do not reveal the specific mechanism, 
they show that a local glandular factor is involved in the parotid response to 
Na* depletion. Like the secretion of the adrenal cortex (Goding & Denton, 
1956), it is a contributory condition in a set of conditions jointly sufficient and 
severally necessary for the response to occur. 7 


SUMMARY 


1. A carotid sinus reflex has been demonstrated in the sheep. 

2. Sheep with permanent unilateral parotid fistulae were depleted of large 
amounts of Na* by withholding the daily Na* supplement. The characteristic 
fall of the salivary Na*/K* ratio caused by Na* depletion was unaffected 
by division of the ipsilateral carotid sinus nerve, the ipsilateral cervical 
sympathetic, and removal of the ipsilateral superior cervical ganglion. 

3. Na* depletion caused a fall of systemic blood pressure. 

4, Infusion of ACh into the carotid loop on the same side as the parotid 
fistula caused the salivary secretion rate to rise to 2-11 ml./min. This did not 
affect the salivary Na*/K* ratio of a sheep in normal Na* balance, but caused 
a significant though comparatively small rise in the salivary Na*/K* of a 
Na*-depleted sheep. The increase produced was a function of the degree of 
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Na‘ depletion existing, being greatest when the sheep was most depleted of 
Nat. The salivary Na*/K* ratio remained far below normal. 

5. A rise of systemic blood pressure of 10-50 mm Hg was produced in 
normal and in Na*-depleted sheep by complete occlusion of the contralateral 
(innervated) carotid artery. This caused an increase of secretion rate and 
salivary Na*/K* ratio of a Nat-depleted sheep, but when it was done during 
ipsilateral intracarotid ACh infusion no change occurred further than that 
caused by the infusion. 

6. The blood pressure in the ipsilateral (denervated) carotid loop of a 
Na*-depleted sheep was measured directly by inserting into the artery a needle 
connected to a mercury manometer. Complete occlusion of the contralateral 
(innervated) carotid loop, and compression of the ipsilateral loop caudal to 
the needle by a cuff inflated to 80-120 mm Hg, caused the mean blood pressure 
measured at the needle to fall from 80-90 to 33-40 mm Hg. This reduction of 
blood flow to the head was associated with a large decrease of salivary secre- 
tion rate and of the Na*/K* ratio. Release of either loop caused the blood 
pressure, secretion rate, and salivary Na*/K* ratio to rise again rapidly. 

7. An apparently linear relation between secretion rate and salivary Na* 
and K* concentrations of Na*-depleted sheep was shown over a secretion range 
of 0-1-3-0 ml./min. However, this line became parallel to the secretion-rate 
axis when secretion was greatly stimulated by intracarotid ACh infusion. 

8. These experiments indicated that a local factor is involved in the change 


in salivary Na*/K* ratio which occurs during Na* depletion. The results do 


not indicate the precise nature of this factor. The major cause of this striking 
parotid behaviour in response to Na* depletion lies elsewhere. 
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THE SELECTIVE EFFECT OF PROCAINE ON THE STRETCH 
REFLEX AND TENDON JERK OF SOLEUS MUSCLE 
WHEN APPLIED TO ITS NERVE 


By PETER B.C. MATTHEWS anv GEOFFREY RUSHWORTH 
From the Laboratory of Physiology, University of Ozford 
(Received 20 July 1956) 


This paper describes a re-investigation into the mechanism of the selective 
action of local anaesthetics in paralysing muscle reflexes before affecting 
muscle power when they are injected into a muscle or applied to nerve. The 
problem has attracted little interest for the last 25 years, though it has 
important theoretical and practical implications for the understanding of 
muscle tone and movement. . 

In 1919, Liljestrand & Magnus showed that the injection of 0-5-1 ml. of 
1% procaine into the triceps muscle of a decerebrate cat almost abolished the 
rigidity of that muscle without altering its response to stimulation of the 
brachial plexus or removing reflexes produced by turning the animal's head. 
Larger doses (4-8 ml.) were required to remove the last traces of tone and these 
also abolished the response to nerve stimulation, but not the response to direct 
faradic stimulation of the muscle. The experiments were performed as a preli- 
minary to an investigation of the muscular spasm produced by tetanus toxin, 
and this was similarly abolished by small doses of procaine in the early stages 
of poisoning at a time when the spasm could still be removed by dorsal root 
section. They concluded that the action of procaine was to paralyse the muscle 
proprioceptor fibres before the motor fibres, as they, like Sherrington (1898), 
had shown that decerebrate rigidity was largely abolished by dorsal root 
section. 

Walshe (1924) used this method of intramuscular procaine injection to 
analyse the rigidity in patients with paralysis agitans. Appropriately graded 
injections into biceps or triceps muscles abolished the rigidity in these muscles 
alone, leaving them ‘atonic, flabby and offering no resistance to passive 
stretch’ and without a jerk. Meanwhile, the voluntary power of these muscles 
was unchanged and the freedom of voluntary movement greatly increased, 
though the tremor persisted. There were signs of slight ataxia and the injected 
muscles became ‘ painless [sic] to deep pressure or pinching’. Similar gt" were 
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also produced in three patients with 7 aereer spastic hemiplegia’. Following 
Liljestrand & Magnus, Walshe considered that these changes were due to 
selective paralysis of afferent fibres from the injected muscles. 

The effects of progressive narcotization of nerve on the reflexes of soleus 
muscle were studied in the decerebrate cat by Liddell & Olmsted (1929), who 
applied dilute alcohol (11-16%) to the medial popliteal nerve. The stretch 
reflex disappeared rapidly, followed by the tendon jerk and then the crossed 
extension. reflex, but the muscle tetanus produced by stimulating the nerve at 
50/sec only disappeared later. On removal of the alcohol these reflexes re- 
appeared in reverse order. The stretch reflex was markedly more sensitive than 
the others and in more than one experiment had completely disappeared at 
a time when the tetanus was unaltered. The experiments were interpreted 
entirely in terms of the increased refractory period of partially narcotized 
nerve-blocking high-frequency discharges before single impulses, i.e. Wedensky 
inhibition. 

These effects of procaine and alcohol on muscle reflexes appear to be identical ; 
but the two previous explanations of their mode of action have no independent 
evidence in their favour, and there are objections to both. However, the 
effect is that which would be expected from a preferential paralysis of the 
small motor fibres to the muscle spindles, the y motor fibres; for when the y 
motor fibres are active, their paralysis would decrease the response of muscle 
spindles to mechanical stimuli, thereby altering proprioceptive reflexes. Also 
the y fibres have been found by Leksell (1945) to be more sensitive to local 
anaesthetics than the large motor fibres. The problem was therefore re-investi- 
gated by trying to distinguish between the explanations of afferent fibre 
paralysis, Wedensky inhibition and small motor fibre paralysis. This paper 
describes experiments on the soleus similar to those of Liddell & Olmsted, but 
using procaine solution instead of alcohol. The experiments, besides confirming 
their results, have produced some additional findings which are not easily 
explained either by Wedensky inhibition or by block of large afferent fibres. 
In the following paper (Matthews & Rushworth, 1957) it is shown that the 
y motor fibres are paralysed by procaine before either the large motor or the 
large afferent fibres, while both these groups of large fibres are later paralysed 
at about the same rate. The evidence for the conclusion that the sensitivity of 
muscle reflexes to local anaesthetics is due to preferential paralysis of smal! 
motor fibres has already been briefly published (Matthews & Rushworth, 
1956). 

METHODS 


The main findings were obtained under the following standard conditions from the soleus muscle 
in nine cats decerebrated under ether by section of the mid brain at about intercollicular level, 
after tying both common carotid arteries. In a series of preliminary experiments under consider- 
ably less strict conditions, on gastrocnemius and soleus together, similar results were obtained in 
another fifteen decerebrate cats. 
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The operation was divided into two parts, the first, up to and including decerebration being 
performed under deep ether anaesthesia, The right femoral nerve, superficial obturator nerve and 
psoas tendon were divided and the wound closed. The right hamstring nerve was tied through a 
small separate incision. Then about 5 cm of the nerve to the soleus and the lateral head of gastro- 
enemius was dissected off the sciatic nerve and the rest of the sciatic was cut. The cat was then 
decerebrated, as described, and ether discontinued, the second part of the operation being 
confined to areas which had already been almost completely denervated. The right foot was 


amputated because it was in the way of the myograph. The lower part of the right soleus muscle | 


with its tendon was separated from the gastrocnemius and the Achilles tendon, and the skin 
sewn up over the muscles leaving the end of soleus tendon just protruding. The reflexes were not 
recorded until 2~4 hours after ether had been stopped. 

The general experimental arrangement is shown in Fig. 1. The tendon of the right soleus muscle 
was connected to an isometric myograph by a steel hook with an adjustable plastic centre piece. 
The nerve to soleus and the lateral head of gastrocnemius was covered in liquid paraffin enclosed 
in a bath made by reflecting skin flaps and the divided biceps muscle. The cat lay on its left side 
with its head held in a natural position with respect to the body. The right leg was held by steel 
pins in the lower end of the tibia and in the femoral condyles; the pelvis was steadied by pins 
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Fig. 1. Experimental arrangement. Both the procaine and the stimulating electrodes were 
applied to the common nerve to soleus and the lateral head of gastrocnemius. 


in both iliac crests. Cotton-wool was wrapped round the leg and this and the paraffin bath were 
warmed by radiant heat from above and below. The temperatures of the rectum, of the paraffin 
bath and of the region around the soleus were regularly recorded and were maintained between 
35 and 39°C, Before use the paraffin was equilibrated with Ringer’s solution and with 5% CO, 
in O,. The jerk and stretch reflexes in this preparation have persisted for up to 15 hr after decere- 
bration in spite of the damage to the blood supply of the nerve. 

The nerve to soleus and lateral head of gastrocnemius was stimulated by exponential pulses of 
6ysec time constant, delivered via an isolating transformer and through tripolar electrodes with 
central cathode and 2 mm separation of its silver wires. The threshold of the large motor fibres was 
0-4-0-8 V. To avoid pressure block the nerve was rarely left on the electrodes for more than 2 hr. 
In a few experiments it was removed every few minutes, but in the rest it was left in position for 
the whole period of narcosis and until the reflexes had recovered. To inhibit the stretch reflex the 
central end of the cut lateral popliteal nerve of the same side was stimulated through shielded 
bipolar silver electrodes. 64sec exponential pulses of 1-6 V were delivered through an isolating 
transformer at 100-200/sec. 

The myograph, which employed a mechano-electric transducer valve (R.C.A. 5734), would 
record tensions up to 5 kg and allowed less than 504 movement. Its natural frequency was far 
above 100 c/s, The potential from the transducer valve was amplified and applied to a cathode- 
tay tube which could be photographed on slowly moving paper. The over-all response was linear, 
but the zero was not particularly steady. The myograph was mounted on a metal strip which was 
free to pivot about its lower end. The upper end was held by a spring (2 kg tension) against a 
fixed stop and could be pulled back by hand till it reached a movable stop, thereby stretching the 
soleus a fixed distance, which was altered in different experiments from 5 to 13 mm; the soleus 
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was usually about 5 cm long. The time taken to pull the myograph from one stop to the other, 
though variable, was about 4 sec; but it could be decreased to about ys sec by pulling rapidly. 
In Fig. 8 the myograph was being pulled slowly and steadily back by a screw thread turned by a 
motor, The myograph was returned gently to its resting position by relaxing the pull. The jerk 
was always produced simply by tapping on the tendon hook with a light screw-driver. In earlier 
experiments a device producing a more constant impulse on the tendon hook was also used but it 
gave the same result and was tedious to operate. 

The nerve was anaesthetized with either 0-2% or 0-5% procaine solution prepared by dis- 
solving crystalline procaine hydrochloride in Ringer's solution. The pH of the solution, estimated 
with phenol red as indicator, was adjusted to pH 7-2-7-6 by adding 0-02 n-NaOH. The solution 
was applied warm to the nerve on a piece of filter paper 1-5 x 1-5 om square. The filter paper was 
soaked in procaine solution, folded almost double and placed astride the nerve. The nerve thus 
lay in the angle of a V, usually in a large drop of solution. The filter paper held about 100 mg of 
procaine solution, while the nerve under it weighed about 15 mg. The distance between the edge 
of the filter paper and the nearest electrode wire (anode) was usually about 1-5 om and never less 
than 1 cm. The Ringer’s solution used contained NaCl, 0-92; CaCl,, 0-025; KCl, 0-045%; 
but in some experiments NaHCO,, 0-13% was added in addition and the Ringer’s solution 
bubbled at 37° C with 5% CO, in O, just before use. 


RESULTS 

The stretch reflex and tendon jerk of soleus could be slowly paralysed by 
applying procaine solution to the nerve to soleus, yet when they had dis- 
appeared the motor nerve fibres were still able to conduct through the 
anaesthetized region of nerve, as the soleus still contracted when its nerve was 
stimulated centrally. This motor response to nerve stimulation was paralysed 
later. When the procaine was removed and the nerve covered in Ringer’s 
solution the reflexes and the motor response gradually returned to their 
original size. 

Fig. 2 shows myographic records in a typical experiment taken before, 
during and after the application of procaine. Fig. 2a shows four tendon jerks, 
each of which was elicited by a tap on the tendon hook. The jerk lasted about 
¢ sec and was preceded by a brief deflexion produced by the tap, which was 
not fully recorded. Fig. 2d shows the tension produced by suddenly extending 
the soleus by 10 mm and maintaining the stretch for a few seconds. Part of 
this tension was active tension from reflex contraction of the soleus and part 
was passive from the elastic resistance of the soleus. These were distinguished 
by stimulating the lateral popliteal nerve of the same side, when the active 
stretch reflex tension was inhibited leaving only the passive tension. During 
the inhibitory stimulus (black line, Fig. 2d) the tension fell to that produced 
by a 10 mm stretch at a time when the nerve was completely paralysed by 
procaine, thus proving that the stretch reflex contraction was completely 
inhibited. Fig. 29 shows the maximal motor tetanus produced by stimulating 
the nerve at 100/sec. The tetanus was followed by a small reflex appendage. 
On applying a square of filter paper soaked in 0-2° procaine solution to the 
nerve the stretch reflex and tendon jerk gradually decreased, while the motor 
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tetanus persisted unchanged. Ten minutes after applying procaine the tendon 
jetk had completely disappeared and only the deflexion produced by the tap 
remained (Fig. 26). At the same time the maintained stretch reflex had 
disappeared for there was no change in the response to stretch during an 
inhibitory volley, showing that only the passive tension remained (Fig. 2e). 
On the other hand, the motor tetanus remained unaltered except for the loss 
of the reflex appendage (Fig. 2h). After removing the procaine the reflexes 
returned to their initial state (Fig. 2c, f, i). The stretch reflex tension and the 
tetanus tension are plotted against time in Fig. 3, showing clearly that the 
paralysis of the stretch reflex was unaccompanied by any change in the motor 
tetanus. 


02% procaine Ringer 
d e f 
Fig. 2 Fig. 3 


Fig. 2. Selective paralysis of the stretch and jerk reflexes of soleus produced by applying procaine 
to its nerve. Myographic records taken 5 min before applying procaine, 10 min after applying 
procaine and 22 min after removing procaine, of tension in soleus: showing (from above 
downwards) a series of tendon jerks (a, b, c), the tension produced by extending soleus 10 mm 
(d, e, f), and the motor tetanus produced by stimulating the nerve to soleus at 100/sec 
(9, 4, +). During the signal (line below the stretch records) the stretch reflex was inhibited by 
stimulating the lateral popliteal nerve at 100/sec, leaving only the passive tension; tetani 
recorded at lower sensitivity (1-0 kg calibration) than the reflexes (0-5 kg calibration), 

Fig. 3. A graph of the experiment illustrated in Fig. 2. Stretch tension (above) and tetanus 
tension (below) plotted against time: each stretch tension was measured 1-5 sec after a 
10 mm stretch; passive tension determined by inhibiting the stretch reflex. Recovery not 
followed throughout. During the application of procaine the stretch tension fell to the passive 
level while the tetanus tension did not alter. 


Similar selective paralysis of the stretch reflex and tendon jerk was produced 
in eight of the nine cats used in the final series of experiments under standard- 
ized conditions. The paralysis of the reflexes was completely reversible and 
was usually produced several times in each preparation with an interval of 
1-3 hr between applications of procaine. Two strengths of procaine solution 
were used; the weaker (0-2°%) paralysed the reflexes slowly with a marked 
selective effect and often was not left on the nerve long enough to alter the 
motor response to nerve stimulation. The stronger (0-5%) acted more rapidly 
and completely paralysed the motor response in 5-20 min, but the reflexes 
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had usually disappeared by the time the motor response was beginning to 
decrease. The changes studied were the result of a local and not a central 
action of procaine, for the rigidity in the other three limbs persisted unaltered 
even when the nerve to soleus was completely paralysed. Moreover, only 
about 0-5 mg of procaine was applied to the nerve, and it is improbable that 
much of this was absorbed systemically. Also the application of filter paper 
soaked in Ringer’s solution without procaine produced none of these changes. 
In one cat procaine produced no clear differential paralysis of the stretch 
reflex but this cat died prematurely having had unusual tachypnoea (respira- 
tion rate 60—-90/min) during the experiment. 

The rest of the paper is devoted to the more detailed study of various 
effects produced by gradually anaesthetizing the nerve with procaine. It is 
shown that until the motor fibres are paralysed the reflexes are modified or 
reduced rather than completely abolished. The findings all favour the inter- 
pretation that procaine acts selectively on the reflexes by paralysis of a 
system of small nerve fibres, probably the y efferents. 


Stretch reflex 


When the soleus was suddenly extended and kept at the increased length, 
the stretch reflex showed two components (Fig. 4a). Initially the tension rose 
to a peak but it then fell to a more or less steady level which was maintained 
for many seconds and sometimes minutes. The steady ‘passive’ tension was 
reached in under } sec and there was little or no initial peak (Fig. 46). The two 
reflex phases have previously been called the phasic and tonic components of 
the stretch reflex (Liddell & Sherrington, 1924) and these terms are useful in 
describing our findings. The rate of stretching the soleus had no effect on the 
tonic component, but rapid stretches produced a larger initial phasic com- 
ponent than slow stretches. However, our method of stretching the soleus by 
hand produced stretch reflexes of sufficient constancy for the purpose of these 
experiments, since we found that the phasic and tonic components varied 
together whenever extensor tone changed and when the nerve was paralysed 
with procaine. In different cats the relative sizes of the tonic and phasic 
components were different as was the rate of decay of the phasic component, 
but they were relatively constant during the course of each experiment. 

The passive stretch tension produced by the elastic resistance of the soleus was determined in 
each experiment at a time when the nerve was either cut or completely paralysed with procaine. 
The presence of active stretch reflex contraction could then be detected by comparing the total 
tension produced by stretching with the passive tension produced by thesame extension. However, 
small reflex contractions could be much more accurately and rapidly detected by inhibiting the 
stretch reflex on stimulating the lateral popliteal nerve of the same side. The stretch tension then 
fell to the passive level at all times and all stages of narcosis showing that the stretch reflex was 
completely inhibited (Créed, Denny- Brown, Eccles, Liddell & Sherrington, 1932). The stretch reflex 
elicited a few seconds after such inhibition was usually of normal size though sometimes rebound 


‘was pro 
experim 
venience 
inhibitio 

Pha 
paraly 
tonic 
ponent 
time a 
thougl 
stretck 
disapp 
illustr: 
same 
procal 
compo 


1 Befc 

a a 

e 

a 

| Fig. 4. 
st 
al 

‘ Cor 
ing 

st 
pre 
i by 
wh 
Fig. 5. 
str 

(fr 
af 
3 ph 
tal 


EFFECT OF PROCAINE ON STRETCH REFLEX 251 


was prominent. Depression of the reflexes following inhibition has been uncommon in our 
experiments in contrast to the findings of Liddell & Olmsted (1929). Thus, because of its con- 
venience this method of inhibition has been used regularly to detect the stretch reflex; but whon 
inhibition was not used selective paralysis of the stretch reflex was still produced. 


Phasve component. The initial phasic component of the stretch reflex was 
paralysed by procaine at about the same rate asthe tonic component. When the 
tonic component had disappeared there was usually little or no phasic com- 
ponent produced by the rates of extension normally used. However, at this 
time a more rapid stretch of soleus could still produce a phasic reaction, 
though it was of very short duration. This brief phasic response to rapid 
stretch persisted long after the tonic component of the stretch reflex had 
disappeared, and often until the motor fibres were being paralysed. Fig. 4 
illustrates this behaviour for two separate applications of procaine to the 
same nerve (A and B). Fig. 4a and e show the stretch reflex before applying 
procaine. Stimulation of the lateral popliteal nerve completely inhibited both 
components of the stretch reflex leaving only the passive tension (Fig. 46 and /). 
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Fig. 4. Persistence of the phasic stretch reflex, produced by rapid stretching, after the tonic 
stretch reflex had been paralysed: myographic records of the tension produced in soleus by 
a 12 mm stretch. Two separate applications of procaine in the same preparation at 3.30 p.m. 
(a-d) and’ 8.30 p.m, (e-4): a and ¢, 5 min before applying procaine; 6 and /, stretch reflex 
completely inhibited by stimulating the lateral popliteal nerve; c, d, g, h, 10 min after apply- 
ing 0:2% procaine; ¢ and g, ‘normal’ stretch rate producing very little reflex; d and h, rapid 
stretch producing clear phasic reflex; i, rapid stretch 23 min after applying procaine still 
producing phasic reflex; j, twitch at normal length of soleus; k, twitch when soleus extended 
by 12 mm showing that the phasic stretch reflex had about the same duration as the twitch 
when the duration of this was increased by increasing the length of soleus. i 


Fig. 5. A graph of the experiment illustrated in Fig. 4B: selective paralysis by procaine of the 
stretch reflex produced by the usual rate of stretching. Stretch, tetanus, and twitch tensions 
(from above downwards) plotted against time; each stretch tension was measured 1:5 sec 
after a 12 mm extension; passive stretch tension determined by inhibiting the reflex; the 


phasic stretch reflex persisted throughout the experiment, as shown by its presence in Fig. 41 


taken just before the procaine was removed. 
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When procaine had been on the nerve 10 min little stretch reflex apparently 
remained (Fig. 4c and g), but rapid stretching of the soleus still produced a 
very brief but appreciable phasic component (Fig. 4d and A). Fig. 5 is a 
graph of the complete experiment of Fig. 4B and shows that when ordinary 
rates of stretch were used the reflex disappeared long before the motor twitch 
and tetanus began to decline. In Expt. B the phasic reaction for rapid stretch 
persisted the whole time procaine was on the nerve, and is still present in Fig. 41, 
which was taken 23 min after applying procaine, though at this time the twitch 
and tetanus tensions had decreased (Fig. 5). The duration of the phasic 
reaction produced during narcosis often was barely longer than a twitch, as 
may be seen by comparing Fig. 4d, h and + with the twitches in Fig. 4k. The 
two twitches in Fig. 4j were produced when the soleus was at its normal 
length while those in Fig. 4k were elicited with soleus extended 12 mm. The 
twitches last longer in the stretched than in the unstretched muscle (Gasser 
& Hill, 1924). 

Tonic component. The tonic sniponenk of the stretch reflex was usually 
progressively and completely paralysed long before the motor response. 
However, on six occasions when the stretch reflex was unusually large, the 
tonic reflex persisted at a new level, after a large initial fall immediately 
following the application of procaine; and, in those cases in which the motor 
fibres were paralysed, it did not finally disappear until the motor fibres were 
being paralysed. Records from such an experiment are shown in Fig. 6. The 
resting values of the tendon jerk, the stretch reflex, motor twitch and motor 
tetanus are shown in Fig. 6a. In Fig. 6b, 10 min after applying 0-2 % procaine 
solution to the nerve, the tendon jerk had almost disappeared while the twitch 
and the tetanus produced by stimulation of the nerve were unaltered in 
amplitude. The stretch reflex had become considerably smaller, but had not 
disappeared, for there was still a fall in the stretch tension during an inhibitory 
tetanus. In Fig. 6c, 25 min after applying procaine, the stretch reflex was still 
present and had become very little smaller even though the motor fibres had 
been partially paralysed. On removing the procaine both the reflexes and the 
motor responses returned to their original size (Fig. 6d). The graph of Fig. 7 
confirms that the stretch reflex decreased at a time when the motor responses 
were quite unchanged, and that the reflex then persisted at’ a fairly steady 
level until the motor responses were nearly paralysed. This ] biphasic 
fall of the tonic stretch reflex is of great significance because it can only be 
simply explained by the selective paralysis of a system of small nerve fibres, 
and the y efferent system is the only one known whose paralysis would pro- 
duce this effect. 


In our preparations the stretch reflex varied spontaneously in size as can be seen from the 
graphs of Figs. 3,5 and 7. Such changes in extensor tone appear to be usual in cats decerebrated 
by the trephine method. Naturally they are unaccompanied by any change in the size of the 
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motor twitch and are therefore similar to the changes we have produced by partially paralysing 
the nerve with procaine. However, there is no doubt that the changes so far described were 
produced by the procaine for not only were they regularly producible, but they were greater than 
the spontaneous changes and were promptly reversed by washing away the procaine. 


aBefore 610 min  dAfter 


{SL 

Fig. 6. Persistence of the tonic stretch reflex at a new level after a large initial fall following the 
application of procaine. Myographic records of the tension in soleus showing (from above 
downwards) the tendon jerk, the tension produced by a 12 mm extension, the twitch, and 
the tetanus: in each case the records were taken 5 min before applying procaine, 10 and 
25 min after applying procaine, and 20 min after removing procaine; tetani recorded at 
lower sensitivity (lower 1 kg calibration) than the reflexes or the twitches (upper 1 kg 
calibration); during the signal (lines below the middle two stretch reflexes) the stretch reflex 
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Fig. 7. A graph of the experiment illustrated in Fig. 6: biphasic fall of the tonic stretch reflex 

in a cat in which the stretch reflex was unusually large. Tension in soleus plotted against time 

showing (from above downwards) the stretch tension measured 3 sec after a 12 mm extension, 
the us tension, the tension produced by two stimuli 4 msec apart, and the twitch tension ; 
passiye stretch tension determined by inhibiting the stretch reflex; the stretch reflex rapidly 
decreased at a time when the motor responses were unaffected and reached a new level which 
was not altered until the motor responses had decreased considerably. 


_ At the beginning of each experiment the length of soleus muscle was adjusted 
8 that the resting tension was about 50 g; this was entirely passive tension 
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for it did not alter when an inhibitory volley was applied to the lateral popliteal 
nerve. Frequently an active resting tension developed temporarily during 
the day and simultaneously the stretch reflex increased. In two experiments 
procaine was applied while the resting tension was over 500 g during a general 
increase of extensor tone. The resting tension, which was measured by 
inhibition, decreased with the stretch reflex while the motor response persisted. 
On removing the procaine the resting tension recovered temporarily, but not 


to its original high level. 
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Fig. 8 Fig. 9 


Fig. 8. When the tendon jerk elicited at the normal initial length of soleus had been paralysed by 
procaine the jerk could be made to reappear by stretching soleus. Myographic records of 
tendon jerks elicited at increasing initial length of soleus during slow steady stretch (9 mm at 
1 mm/sec starting at vertical signal line). Records taken 15 min before applying procaine (a) ; 
5 min (6) and 15 min (c) after applying 0-2% procaine. Same experiment as Figs. 2 and 3. 
Records 6 and ¢ are flatter than record a because the stretch reflex produced by the slow 
stretching has been paralysed. 

Fig. 9. Disappearance of the base line irregularity and of the twitch appendage after the applica- 
tion of procaine. Myographic records of the tension in soleus: a, inhibition of resting tone and 
base line irregularity by stimulating the lateral popliteal nerve (during signal); )-c, small 
contractions from single stimulus, large contractions from two stimuli 4 msec apart; contraction 
appendages well shown in } and e taken 7 min before applying and 10 min after removing 
procaine; c and d taken 3 and 4 min after applying 0-5% procaine—in d the appendage has 
completely disappeared ; procaine removed after 10 min when the motor fibres were paralysed. 


Resting tension could not be measured directly as the zero level of the 
myograph was not completely stable, nor was it felt desirable to test for it 
frequently by inhibition. However, when active tension was present the 
myograph base line became disturbed with small irregular fluctuations. 
Fig. 9a shows this irregularity at a time when there was about 50 g of active 
resting tension, as estimated by inhibition. On six occasions in three cats, 
procaine was applied when this irregularity was present and it disappeared a 
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little before the stretch reflex and long before the motor responses. Thus the 
active resting tension, like the stretch reflex, is paralysed independently of the 
motor responses. 
Tendon jerk 

At the initial lengths of soleus used in these experiments the tendon jerk 
produced 30-120 g tension, which is up to 30% of the maximal motor twitch 
tension. After the application of procaine to the nerve the jerk decreased 
slowly and steadily in size at about the same rate as the stretch reflex, though 
the jerk often persisted longer than the tonic stretch reflex. When the jerk had 
apparently completely disappeared it could be made to reappear for a time by 
increasing the initial length of soleus. This is shown in Fig. 8 where the soleus 
was steadily stretched at a rate of 1 mm/sec beginning at the vertical line. 
Fig. 8a, obtained before applying procaine, shows that on slow stretch the 
tendon jerk at first becomes lafger but is then occluded as the stretch reflex 
appears (Denny-Brown, 1929). In Fig. 86, obtained 5 min after applying 
procaine, the tendon jerk at the resting length had disappeared but the jerk 
reappeared on slow stretching. However, the reflex tension produced by the 
slow stretching had been paralysed. Ten minutes later still, a tendon jerk 
could be obtained only at extensions of over 5 mm, and it was very small. 
The application of slow continuous stretch was not the only means of restoring 
the tendon jerk, for it also reappeared when soleus was stretched suddenly 
and the greater length was maintained. 


Contraction appendage 

A small reflex contraction was frequently superimposed on the descending 
phase of the twitch (Fig. 96) and a reflex contraction sometimes followed the 
tetanus (Fig. 29). They have not been systematically studied but both were 
found when extensor tone was high, and the stretch reflex large. Both 
disappeared relatively soon after the application of procaine and long before 
complete paralysis of the nerve. The twitch appendage following a single and 
double stimulus is shown in Fig. 9b. In Fig. 9d, obtained after applying 
procaine, the appendage has completely disappeared; but it has returned in 
Fig. 9¢ after the procaine has been removed. Similarly, the tetanus appendage 
present in Fig. 29 has disappeared in Fig. 2h, but has returned in Fig. 24. : 


Motor responses 
The nerve to soleus and the lateral head of gastrocnemius was stimulated 
electrically 1-2 cm central to the filter paper soaked in procaine. This distance 
Was sufficient to prevent procaine diffusing up to the stimulating electrodes, 
for the threshold of the twitch did not alter significantly during progressive 
paralysis of the nerve. When Azure 2 dye was applied to the nerve instead of 
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procaine the region of nerve immediately under the filter paper was darkly 
stained, but there was no visible spread farther than a few millimetres. In 
addition, the tripolar atimulation used probably helped to localize the stimulus 
to the cathode (Rashbass & Rushton, 1949). The muscle twitch was produced 
by a stimulus about six times threshold and remained maximal (i.e. unaffected 
by variations of stimulus strength) even though it became progressively 
smaller as the nerve was paralysed by procaine. Thus any change in the motor 
responses represents the blocking in the anaesthetized region of impulses 
initiated in normal unanaesthetized nerve. 

The nerve was usually excited both by single and by repetitive stimuli in 
order to detect any significant alteration in the ability of the motor fibres to 
conduct impulses. The stretch reflex and tendon jerk usually disappeared at a 
time after the application of procaine when the motor responses to a single 
stimulus, to two stimuli separated by 3-5 msec, or to stimuli at 100/sec were 
still unaltered. The motor responses were progressively paralysed later, but not 
all at the same rate, for the nerve failed to transmit a train of impulses at a 
time when single impulses could still pass (Wedensky inhibition). Thus the 
muscle tension produced by two stimuli fell to that produced by one stimulus 
(Fig. 7), and the tetanus tension declined relatively more rapidly than the 
twitch tension (Figs. 5, 7). Also when the motor responses were becoming 
blocked, stimulation at 75/sec produced a greater tension than stimulation at 
100/sec. 

The twitch tension was inconstant and slow changes occurred throughout 
the day. Frequently a ‘staircase effect’ was observed and each succeeding 
twitch of a series was a little larger than its predecessor (Fig. 9¢). When an 
active resting tension developed the twitch usually became smaller. However, 
the tetanus tension was more constant and the spontaneous variations in the 
twitch never obscured the much larger changes produced by procaine. 


DISCUSSION 3 
The present investigation demonstrates that when procaine is applied to the 
nerve to soleus muscle in the decerebrate cat, the stretch reflex and tendon 
jerk decrease at a time when the motor response to nerve stimulation is 
unaltered. Selective paralysis of muscle reflexes has previously been produced 
by the application of dilute alcohol to nerve (Liddell & Olmsted, 1929) and by 
intramuscular injection of procaine (Liljestrand & Magnus, 1919; Walshe, 
1924). These various phenomena appear to be identical, differing only in 
experimental detail, and can all be explained as a result of selective paralysis 
of the y motor fibres. 

Several new observations have been made in the present study. The most 
important is that the tonic stretch reflex did not always disappear completely, 
but persisted for a time at a new level after an initial fall under the influence 
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of procaine. On the six occasions when the stretch reflex persisted at a lower 
level, it had been particularly large beforehand. In experiments where the 
tonic component of the stretch reflex disappeared completely, a rapid stretch 
might still produce a brief phasic stretch reflex for long after the disappearance 
of the tonic component. Rather s‘-ilarly, when the tendon jerk had apparently 
disappeared, it could be made to reappear for a time by increasing the initial 
length of soleus. In these particular cases the reflexes sometimes persisted 
until the response to nerve stimulation was considerably decreased, instead 
of being abolished much earlier. 

These additional observations preclude many of the previous explanations 
of the selective effect of procaine and alcohol on the reflexes. In the following 
sections various possible explanations of the phenomenon will be discussed in 
turn in order to establish the conclusion that the most likely cause for the early 
changes in the reflexes is a selective paralysis of the y motor fibres. In the next 
paper it is shown that procaine paralyses the y motor fibres before both the large 
afferent and large efferent nerve fibres of muscle (Matthews & Rushworth, 1957). 

Paralysis of large motor fibres. While the twitch and tetanus tensions are 
unaltered an appreciable number of motor fibres can hardly be paralysed. 
Moreover, paralysis of motor fibres should decrease the reflex responses and 
the motor responses together, and not at widely separated times as we have 
frequently found. Wedensky inhibition of motor fibres is also an unlikely 
explanation, as the frequency of reflex discharges is usually under 100/sec 
(Adrian & Bronk, 1929; Hunt, 1952), yet this is the frequency of stimulation we 
have used to produce a tetanus. The possible importance of block of the 
second impulse in a double discharge was investigated by stimulating the nerve 
with two shocks at an interval of 3-5 msec. This is about the interval found 
between double discharges (Hoff & Grant, 1944) yet the soleus response to the 
double stimulus did not decline until after the reflexes had decreased. 
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There are two objections to taking the size of the motor responses produced by nerve stimula- 
tion as a complete measure of the behaviour of the motor nerve fibres. First, muscle fibres may 
receive more than one motor nerve fibre (Hunt & Kuffler, 1954); therefore the size of a maximal 
muscle response might not be directly proportional to the number of active motor fibres. Secondly, 
the nerve may not transmit, through a region of partial block, the asynchronous action potentials 
of physiological activity for as long as it will transmit the synchronous action potentials set up by ‘ 
electrical stimulation. However, it is unlikely that these two factors are sufficiently important to 4 
prevent the time course of the paralysis of the motor response being a fair indication of the time ‘ 
course of the functional paralysis of the motor fibres. f 

Recently Granit, Henatech & Steg (1956) have divided motoneurones into those which respond 
tonically and those which respond phasically to steady stretch applied during post-tetanic 
potentiation, and considered that the tonic fibres were smaller than the phasic ones. A part of 
our results might be explained if there were a system of large motor fibres, supplying normal 
muscle fibres and not the intrafusal muscle fibres, which was the main efferent pathway for 
tonic reflexes and which was preferentially paralysed by procaine; but the paralysis of the jerk 
Sppears contrary to this interpretation. 
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Paralysis of large afferent fibres. Lloyd (1943a) proved by direct recording 
of action potentials in the cat that the afferent pathway for the tendon jerk 
reflex is through the largest afferent fibres from muscle. Only large fibres from 
muscle spindles are considered to produce excitation of motoneurones of their 
own muscle, while those from. Golgi tendon organs produce autogenetic inhibi- 
tion (Hunt, 1952; Bradley & Eccles, 1953; Granit, 1955). The large afferent 
fibres from muscle spindles (la fibres from the primary or ‘nuclear bag’ 
endings) are therefore almost certainly the sole afferent pathway for the tendon 
jerk and probably also for the phasic component of the stretch reflex. The 
tonic component of the stretch reflex is supposed to be similarly conducted 
(Granit, 1955), as muscle spindles discharge continuously during maintained 
extension. But no direct experiments have been performed on the tonic 
stretch reflex to determine whether the discharges from other muscle afferents 
also help to maintain the steady efferent discharge. 

The large afferents of soleus are paralysed at about the same time as the 
large motor fibres by our particular method of applying procaine (Matthews 
& Rushworth, 1957). Indeed the large motor fibres are on the whole slightly 
more susceptible to procaine than the large afferent fibres. It is therefore 
extremely unlikely that appreciable paralysis of the large afferent fibres can 
have occurred while the twitch and tetanus remained unchanged. Thus the 
stretch reflex and tendon jerk can be abolished by procaine while their afferent, 
as well as their efferent, pathway appears to be intact. 

Wedensky inhibition of large afferents could play some part in producing a 
differential paralysis of stretch reflexes as muscle spindles may discharge at 
high frequencies (Matthews, 1933; Eldred, Granit & Merton, 1953). However, 
Wedensky inhibition fails completely to explain the persistence of the stretch 
reflex at a new level after an initial fall, for Wedensky inhibition should pro- 
duce a progressive paralysis of the stretch reflex. Indeed the biphasic fall of 
the stretch reflex can be simply explained only if some system of small fibres, 
essential for maintaining a high level of reflex excitability, is selectively and 
completely paralysed long before the large fibres. 

Paralysis of small afferent fibres. It is highly probable that, because of their 
size, small afferent fibres (groups II and III) are paralysed before the large 
motor fibres. Hunt (1954) has shown that group II fibres originate from muscle 
spindles and that in a denervated soleus the average tension required to excite 
a maintained discharge from each of thirty-six group II fibres was 19 g. Thus 
group II fibres are almost certainly excited by the extensions we have used to 
produce the stretch reflex. The present evidence (Brock, Eccles & Rall, 1951; 
Hunt, 1953) suggests that stimulation of group II afferents inhibits extensor 
muscles, so their paralysis should not decrease the stretch reflex. But when 
the function of group II fibres is more fully understood our results will require 
reconsideration. 
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Group III and non-medullated afferents from muscle are probably ‘pain 
fibres’ and their stimulation certainly inhibits extensor muscles (Lloyd, 
19436; Brock et al. 1951). It is unlikely that they are excited by our physio- 
logical stimuli, or that their paralysis would affect the stretch reflex. 

Paralysis of sympathetic fibres. Sympathetic fibres are paralysed early by 
local. anaesthetics, but their paralysis should not have produced the altera- 
tions in the soleus reflexes that we have seen. Decerebrate rigidity can still 
be produced in a sympathectomized limb, and is not qualitatively different 
from that on the normal side (Cobb, 1918; Phillips, 1931); nor is the sym- 
pathetic system essential to the stretch reflex (Denny-Brown, 1929). Stimula- 
tion of the sympathetic is known to increase the twitch of a fatigued muscle 
(the Orbeli phenomenon), but sympathetic tone should act equally on the 
reflexes and the motor responses, and its removal would not explain the 
differential effects of procaine. 

Paralysis of small motor fibres. Paralysis of the y efferents by procaine will 
account for all the phenomena described in this paper, and the y efferents are 
much more susceptible to procaine than either the large afferent or the large 
efferent nerve fibres (Matthews & Rushworth, 1957). The decerebrate cat 
prepared by section of the mid brain has much y efferent activity, and the 
removal of this y tone by ventral root section decreases the resting discharge 
from soleus muscle spindles as well as the discharge produced by stretching 
(Eldred et al. 1953).. Thus when procaine blocks y efferent activity, the 
diminished afferent discharge from the muscle spindles will produce a smaller 
stretch reflex or none at all. And when the central excitability is high, a 
biphasic fall of the stretch reflex would be expected as the procaine blocks first 
the y efferents and later the large motor and afferent fibres. The persistence of 
the phasic reaction to rapid extension is also to be expected as rapid stretching 
produces an initial high-frequency discharge even in the de-efferented spindle 
(Matthews, 1933). 

As y tone is removed, the tendon jerk may decrease in size because a 
muscle spindle with flaccid intrafusal muscle fibres may give a smaller afferent 
discharge for the same tendon tap. Alternatively, the excitability of the 
motoneurones of the soleus may be significantly reduced by the decrease in the 
resting discharge from the muscle spindles. Rather similarly Granit & Strém 
(1952) found that cutting the ventral roots, thereby removing y tone, greatly 
decreased the initial efferent discharge set up within 20 msec of stretching the 
gastrocnemius. Stretching the soleus should counteract intrafusal fibre relaxa- 
tion and increase the afferent discharge from a tendon tap, thereby restoring 
the tendon jerk, as indeed was found (Fig. 9). Paralysis of the tendon jerk by 
procaine thus appears to be the converse of the augmentation of the tendon 
jerk by Jendrassik’s method, which is thought to act by producing contrac- 
tion of intrafusal muscle fibres. 
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A number of reflexes seem to be partly mediated through y motor fibres. 
Hunt (1951) showed that y activity frequently accompanies large motor 
fibre activity, including that in the crossed extensor reflex. Eldred et al. (1953) 
have shown that some reflexes may be produced largely by activity reaching 
the large motoneurones via the (y efferent)—(large afferent) pathway. Therefore 
paralysis of y motor fibres can satisfactorily explain how Liddell & Olmsted 
(1929) were able, in a few cases, to paralyse the crossed extensor reflex without 
altering the response to nerve stimulation. Also we have frequently seen early 
paralysis of the reflex appendages which follow a twitch or tetanus, and, 
though their origin is uncertain, it is probable that they too are dependent on 
the integrity of the y efferents. 

Granit, Holmgren & Merton (1955) have shown that there is relatively little 
y activity in cats decerebrated by the anaemic method (Pollock & Davis, 
1930), or in those in which the anterior lobe of the cerebellum has been 
damaged (‘« cats’). Moreover, these ‘« cats’ remain rigid after section of 
dorsal roots (Pollock & Davis, 1931). Their exaggerated tone is clearly main- 
tained in a different manner from that of cats prepared by the trephine method, 
for the rigidity of the latter is largely dependent on discharges from muscle 
proprioceptors (Sherrington, 1898). One cat in our series showed no differentia- 
tion of reflexes and motor responses with procaine; it may well have been an 
‘a cat’ with little y tone. If our explanation of the action of procaine is correct, 
little differentiation of ‘tone’ and motor responses would be expected in such 
‘x cats’. Indeed, Liljestrand & Magnus (1919) found no differentiation on 
injecting procaine into forelimb muscles of decerebrate cats which were still 
rigid after dorsal root section because the thoracic spinal cord had been cut 
(the Schiff-Sherrington phenomenon). 

The conclusion which we have drawn from these experiments is that the 
sensitivity of soleus reflexes to procaine applied to the soleus nerve is due to 
selective paralysis of the y motor fibres. Such an action will also explain the 
effects of graded intrathecal injections of procaine in man, for thereby knee 
and ankle jerks may be abolished while muscle power and position sense 
remain intact (Sarnoff & Arrowood, 1947). Selective paralysis of y motor 
fibres is probably also produced by intramuscular injection of procaine. If so, 
Walshe’s findings can be interpreted as showing that the rigidity of both 
paralysis agitans and hemiplegia is dependent on the y system, thus suggesting 
new therapeutic methods for reducing the rigidity of human disease. The 
muscular spasm produced by tetanus toxin would also appear to be partially 
mediated by the y pathway. Lastly, the importance of the y system in the 
reflex behaviour of the decerebrate cat is confirmed by experiments which 
have not involved the isolation of —_ nerve fibres or the exposure of spinal 
nerve roots. 
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SUMMARY 


1. The stretch reflex and tendon jerk have been recorded myographically 
from the soleus muscle of cats decerebrated by mid-brain section. Both could 
be slowly and reversibly paralysed at about the same rate by applying procaine 
solution to the common nerve to soleus and the lateral head of gastrocnemius. 

2. During the time that the stretch reflex and tendon jerk were being 
paralysed the soleus motor response produced by stimulating its nerve central 
to the anaesthetized region persisted unchanged for single stimuli, for two 
stimuli separated by 3-5 msec or for stimuli at 100/sec. 

3. Sometimes the initial rapid paralysis of the tonic stretch reflex was not 
complete, but instead the reflex persisted for a time at a new level, after a 
large initial fall following the application of procaine. When this biphasic fall 
was found the initial reflex was unusually large. 

_ 4, Long after the tonic component of the stretch reflex had been paralysed 
rapid extension of the soleus still produced a small brief phasic stretch reflex 
which persisted till the motor fibres were being paralysed. 

5, After the tendon jerk had apparently disappeared it could be restored 
for a time by increasing the initial length of soleus. 

6. Resting tone appeared to be paralysed as rapidly as the stretch reflex. 

7, Small reflex ‘appendages’ sometimes followed the twitch and tetanus 
produced by stimulating the nerve. These were rapidly paralysed by procaine 
while the direct motor responses persisted. 

8. Reasons are discussed for believing that all these phenomena were 
produced by the preferential paralysis by procaine of the y efferents to the 
muscle spindles of soleus. Certainly the occasional biphasic fall of the tonic 
stretch reflex can only be simply explained by the selective paralysis of a 
system of small nerve fibres, and the y efferent system is the only one known 
whose paralysis would produce this effect. 


We wish to express our thanks to Professor E. G. T. Liddell and to Dr C. G. Phillips for encour- 
agement and criticism at all stages of this work. 
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TO PROCAINE | 


By PETER B. C. MATTHEWS anp GEOFFREY RUSHWORTH 
From the Laboratory of Physiology, University of Oxford 


(Received 20 July 1956) 


The interpretation of the experimental results of the preceding paper (Matthews 
& Rushworth, 1957) depends partly upon a knowledge of the order in which 
procaine paralyses the different nerve fibres from muscle. Leksell (1945) 
recorded the compound action potential produced in a ventral root by large 
and small motor fibres, and found on applying 1/500 ethocaine to the nerve 
central to the stimulating electrodes that ‘the effect upon the y wave was 
greater than the effect on the « wave’. But there has been no direct comparison 
of the relative sensitivity of muscle afferent and muscle efferent fibres. 
Gasser & Erlanger (1929) first showed by direct recording of action potentials 
that ‘in general small fibres are blocked before large ones’ by cocaine but ‘the 
blocking is not effected with any precision’. The same was found for the action 
of procaine on several mammalian nerves (Heinbecker, Bishop & O’Leary, 
1934). However, Toman (1952) in reviewing the action of procaine stated that 
“although a preferential attack on small fibres is generally assumed, the 
rule is not universal’. It was therefore essential to determine the relative 
sensitivity of large motor, large afferent and small motor nerve fibres to the 
particular method of applying procaine used in the preceding paper to 
produce a selective paralysis of the stretch reflex of soleus muscle. This paper 
shows that the large fibres, whether afferent or efferent, are about equally 
sensitive, while the y motor fibres are much more rapidly paralysed. 


METHODS 


The experiments were performed on cats anaesthetized with pentobarbitone sodium (Nembutal, 
Abbott Laboratories) 40 mg/kg intraperitoneally, supplemented by further injections as necessary. 
The nerve to the right soleus muscle was cut peripherally and dissected out of the lateral head of 
gastrocnemius through which it runs; the common nerve to soleus and lateral head of gastro- 
cnemius was then separated from the sciatic for about 5 cm. In other experiments the nerve to 
the medial head of gastrocnemius was similarly separated. The rest of the sciatic, the femoral, 


Superticial obturator and hamstring nerves were cut in the right leg. The lower lumbar nerve 


Toots were then exposed and those on the right side cut close to the spinal cord. Liquid paraffin, 
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enclosed in two separate baths made by reflecting skin and muscle, covered the spinal roots and 
peripheral nerves. 

Compound action potentials set up on stimulating the central end of a muscle nerve with brief 
shocks were recorded from the peripheral end of an appropriate dorsal and ventral root through a 
pair of bipolar silver electrodes, and were amplified and displayed on a double-beam cathode-ray 
tube. The amplification of the recording system began to decrease for frequencies over 1 kc/s and 
had fallen to half for frequencies of 5 ko/s. The form of the action potentials must have been 
distorted, but this does not affect our conclusions. The amplifier time constant was set between 
50 and 200 msec. The method of applying procaine was precisely the same as that described in the 
preceding paper (Matthews & Rushworth, 1957) for producing a selective paralysis of soleus 
reflexes. It consists of soaking a 1-5 x 1-6 cm square of filter-paper in 0-2 or 0-5% procaine 
solution, folding the filter paper almost double and placing it astride the nerve under paraffin. 


RESULTS 


The compound action potential set up by stimulating the nerve to the soleus 
muscle was recorded from the L7 dorsal and ventral roots. The fast-conduct- 
ing fibres produce an initial wave of 250-750, V in both roots, as shown in 
Fig. la. The fastest afferent fibres conducted at about 110 m/sec, while the 
fastest motor fibres conducted at about 90 m/sec; the threshold of the motor 
fibres was slightly higher than that of the afferent fibres. These differences 
were not found in the nerve to the gastrocnemius and are in accordance with 
the histological evidence that the soleus motor fibres are smaller than soleus 
large afferent fibres (Eccles & Sherrington, 1930; Lloyd & Chang, 1948). The 
initial wave in the dorsal root is produced by group I afferents, which come 
from both muscle spindles and Golgi tendon organs (Hunt, 1954). The initial 
wave in the ventral root is produced by the large « motor fibres which supply 
ordinary striated muscle fibres, and not the intrafusal fibres (Leksell, 1945; 
Kuffler, Hunt & Quilliam, 1951). 

The potential produced by the y motor fibres, which supply the intrafusal 
fibres, was regularly seen after the « motor wave, but was less than 20,.V in 
amplitude. In Fig. 3a the y wave is seen as an irregularity in the base line 
after the « wave. The y fibres had a higher threshold than the « fibres (Leksell, 
1954) and conduction velocities in the range 20-40 m/sec. In one experiment 
the conduction velocity, calculated from the over-all conduction distance, was 
confirmed by moving the stimulating electrodes 2 cm along the nerve to the 
soleus after it had been directed away from the nerve to the lateral head of 
gastrocnemius. Despite the smallness of the y wave its presence or absence 
during nerve block with procaine could be fairly certainly decided by varying 
the strength of the stimulus while watching a repetitive trace (less than 10/sec) 
on the cathode-ray tube. 

The potentials produced by small afferent fibres (groups II and III) were 
also frequently observed, but were often largely obscured by spontaneou: 
afferent discharges in large fibres from non-denervated muscles. Fig. 1a 
shows a particularly large group II wave immediately after the initial group 
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I wave. However, this record was produced by superimposing forty traces, 
and as this has not been our usual practice we have not studied the paralysis 
of small afferents by procaine. 

Both large and small nerve fibres could be reversibly paralysed by applying 
procaine solution to the nerve to soleus and lateral head of gastrocnemius. 
Fig. 1 shows the progressive decrease in the dorsal and ventral root large 
fibre action potentials of soleus after applying procaine, and their recovery 
after covering the nerve in Ringer’s solution. Before complete paralysis 


msec 


Fig. 1. Simultaneous paralysis by procaine; of large afferent and large efferent fibres in the nerve to 
soleus; compound action potentials recorded in L7 dorsal and ventral roots on stimulating 
nerve to soleus; 40 traces superimposed. Records taken before, during and after applying 
0-2% procaine to the nerve for 20 min; a taken 5 min before applying procaine; b, c and d 
taken 5, 12 and 18 min after applying procaine; ¢ taken 20 min after removing procaine. 


line Ringer 


%spike amplitude 


0 


40-50 5 10 15 20 25 30 35 40 45 


Time (min) 

Fig. 2. Procaine block of conduction in motor and sensory fibres of the soleus motor nerve (same 
experiment as Figs. 1 and 3). The amplitude of the action potentials of the large fibres is 
plotted as percentage of their amplitude 1 min before applying 0-2 % procaine; the presence 
of the y wave in the ventral root record is shown at the bottom. 


the conduction time increased and also the duration of the compound action 
potential, both resulting from a slowing of conduction in the partially anaes- 
thetized region of nerve. Fig. 2 is a graph prepared from the results of this 
experiment, and shows that the potentials produced by the large motor 
fibres and the large afferent fibres disappear and reappear at about the same 
tate. Fourteen other applications of procaine in this and three other cats 
have also paralysed the large motor and large afferent fibres closely together, 
though the time required for complete paralysis has varied from 5 min to 
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over 30 mii. On average the large motor fibres of soleus have been slightly 
more sensitive than the large afferent fibres, for the « motor wave has some- 
times disappeared at a time when the group I afferent wave was still 30% of its 
original amplitude. 
4 b Ouring c 
msec 

Fig. 3, Selective paralysis of y efferents in the soleus nerve by procaine. Same experiment as 

Fig. 1, but on slower time base to show the y wave (irregularity in base line after « wave); 


20 traces superimposed; records 5 min before applying 0-2% procaine, 5 min after applying 
procaine, 20 min after removing procaine. 


During 


msec 


Fig. 4. Selective paralysis of y efferents in the gastrocnemius nerve by procaine: compound 
action potentials recorded from 8, dorsal and ventral roots on stimulating nerve to medial 
head of gastrocnemius ; single traces. The ventral root potential was recorded at two amplifica- 
tions, taken a few seconds apart, to show both a and y waves clearly; records 3 min before 
applying 0-2% procaine, 5 min after applying procaine, and 30 min after removing procaine. 


In contrast to the similar sensitivity of the large fibres to procaine has been 
the much greater susceptibility of the small motor fibres. They were regularly 
and completely paralysed at a time when the large fibre potentials were only 
beginning to decrease in amplitude, and only recovered after the large fibre 
potentials had returned to near their original size. Thus in Fig. 36, taken 


5 min after applying procaine, the irregular wave produced by the y fibres of | 


soleus has disappeared though the « motor wave is little changed. The dis- 
appearance of the y wave was more clearly shown by examining the cathode- 
ray tube during the experiment. Fig. 3 is from the same experiment as Fig. |, 
and the presence of the y wave is indicated at the bottom of the graph of Fig. 2. 
Other experiments on the soleus nerve have given similar results. As they wave 
of soleus is so small the experiments were repeated using the nerve to the medial 
head of gastrocnemius which produces a y wave of 50-100, V instead of 20.V. 


These experiments have entirely confirmed the greater sensitivity of the y | 
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motor fibres to procaine; in nine cats the y wave of gastrocnemius disappeared 
at a time when the large fibre action potentials, both motor and afferent, were 
always over 80%, of their original amplitude, and were frequently unchanged. 
Fig. 4 shows a record from such an experiment where the ventral root com- 


pound action potential was recorded at two different amplifications to show 


both « and y motor waves clearly. Five minutes after applying procaine the 
y wave disappeared though the large motor and large afferent waves were 
unchanged. Procaine was left on the nerve for 25 min without completely 
paralysing the large fibres. Half an hour after removing procaine the y wave 
had returned, though the large afferent potential had become spontaneously 
smaller. The y wave produced by stimulating the common nerve to the lateral 
head of gastrocnemius and soleus was also selectively paralysed. 

When the nerve to the medial head of gastrocnemius was stimulated, the 
large motor and afferent fibres, like those of soleus, were paralysed at about 


the same rate. However, in this case the large afferents were slightly more 


sensitive than the large motor fibres. In two extreme cases the « motor 


wave persisted at half its original amplitude when the group I afferent wave 


had almost disappeared, but the motor wave had disappeared long before. 
Before anaesthetized nerve fails to transmit a single action potential it fails 
to transmit a train of action potentials (Wedensky inhibition). We have stimu- 
lated the nerves at frequencies of 100—500/sec at various times after applying 
procaine, and have seen Wedensky inhibition interfering with the transmission 
of progressively lower frequencies as narcosis progressed. At the time when the 
y wave disappeared the large fibres were always able to transmit 100 impulses/ 
sec, usually 300 impulses/sec and sometimes 500 impulses/sec. The more 
slowly the nerve was being paralysed the greater was the ability of the large 


fibres to conduct at the time when the y wave vanished. There has been no | 


great difference between the Wedensky inhibition of large motor and large 
afferent fibres, and the slight differences found were those expected from the 
relative rate of decline of their action potentials. Thus, for soleus, Wedensky 
inhibition in large motor fibres was more marked, while for gastrocnemius it 
was more marked in the large afferent fibres. 

There has never been any sign of facilitation of successive action potentials 
at the anaesthetized region of the nerve. The second of two action potentials 
separated by 1-10 msec became progressively smaller than the first as the 
nerve was paralysed. It never became larger and there was no summation 
when the nerve was completely paralysed. 


DISCUSSION 
The result of these experiments is that our particular method of applying 
procaine paralyses the large motor and large muscle afferent (group I) fibres 
at about the same time. The small motor fibres, however, are paralysed much 
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earlier, as has previously been shown by Leksell (1945). It is probable but not 
certain that the same results would have been obtained if procaine had been 
applied in a different manner, but with local anaesthetics as with cold 
(Douglas & Malcolm 1955) the length of nerve paralysed is probably rather 
important for determining the relative susceptibilities of different sized fibres. 
However, the results support the principle that ‘in general small nerve fibres 
are blocked before large ones’ (Gasser & Erlanger, 1929). The slightly greater 
sensitivity of soleus large motor fibres compared with soleus large afferent 
fibres is explained in terms of size, for the measurements of conduction 
velocity and threshold show that the motor fibres are smaller than the large 
afferent fibres. There is no such explanation for the occasional greater sensi- 
tivity of the large afferent fibres of gastrocnemius medialis than of the large 
motor fibres; but under our experimental conditions the difference in sensi- 
tivity to procaine between these large fibres was much less than the difference 
in sensitivity between either of these groups of large fibres and the y motor 
fibres. 

The results of this paper are applied in the preceding paper (Matthews & 
Rushworth, 1957) to support the contention that the selective paralysis of the 
stretch reflex of the soleus, which is produced by procaine, is caused by the 
selective paralysis of small motor fibres. 


SUMMARY 

1. The compound action potentials set up on stimulating the nerve to 
_ soleus or the nerve to gastrocnemius have been recorded from an appropriate 
dorsal and ventral root in the anaesthetized cat. Procaine was applied to 
the nerve, between stimulating and recording electrodes, and the disappearance 
of the potentials observed. 

2. The large « motor fibres and the large group I afferent fibres are paralysed 
at about the same rate. 

3. The small y motor fibres are paralysed at a time when the large fibre 
potentials are only beginning to decrease. 

4. The method of applying procaine was the same as that previously used 
to paralyse the stretch reflex selectively. 


We wish to thank Dr C. G. Phillips for constant encouragement and criticism. 
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Note added in proof. Our attention has been drawn to a paper describing 
the effect of intramuscular injection of procaine into the gastrocnemius soleus 
muscle of decerebrate cats. The tendon jerk and the after-discharge of the 
crossed extension reflex were selectively paralysed. To explain this it was 
considered that the afferent fibres were being paralysed before the motor 
fibres; selective paralysis of the y motor fibres now appears a preferable 
explanation. 
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THE EFFECT OF THE OESTROUS CYCLE AND OF HORMONES 
ON THE COLLAGEN CONTENT OF THE UTERUS 
OF THE RAT 


By MARGARET L. R. HARKNESS, R. D. HARKNESS 
BRENDA E. MORALEE 


From the Department of Physiology, University College London 
(Received 26 July 1956) 


In previous studies of various growth processes in adult tissues, collagen 
formation has been generally found to be slow in comparison with growth of 
the tissues as a whole, or even not to occur at all (Harkness, 1952; Harkness 
& Harkness, 1954a, c; Harkness, Harkness & Santler, 1954; Harkness & 
Harkness, 1956a). An exception was found in the pregnant uterus where 
rapid formation of collagen takes place (Harkness & Harkness, 19546, 19565). 
It therefore seemed of interest to study collagen formation in the uterus in 
other circumstances. We have now studied the oestrous cycle and found no 
significant variation in the collagen content of the uterus at different times. 
We have also studied the effect of oestrone and progesterone on collagen forma- 
tion in the uterus of spayed animals and have found it to be slight compared 
with the effect on total growth of the uterus. Under these circumstances, the 
behaviour of the uterus is unlike its behaviour in pregnancy and resembles 
rather the behaviour of other tissues subjected to a stimulus to growth. A 
preliminary account of some of this work has already been published (Harkness, 
Harkness & Moralee, 1955). 
METHODS 


The animals were young adult albino rats of the local strain. When required for examination oftheir 
tissues they were killed by a blow on the head and breaking the neck. The uterus was removed and 
subdivided into horns and cervical parts, which were examined separately. 

Ocstrous cycle. The stages of the oestrous cycle were identified by vaginal smears made once 4 
day in the morning. Several cycles were followed in each rat before it was killed for examination. 
The majority of the cycles had a length of four days, though some had a length of five. Rats 
showing longer cycles were not used. The cycle was divided into four stages, characterized 
typically as follows: 

Stage 1 (oestrus): vaginal smear shows nucleated and keratinized epithelial cells with almost 
no leucocytes; uterus filled with fluid. 

Stage 2: vaginal smear shows large numbers of fully keratinized epithelial cells with almost no 

leucocytes; uterus contains no fluid. 
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Stage 3: vaginal smear shows large numbers of leucocytes with few epithelial cells; uterus as in 
stage 2. 
Stage 4: vaginal smear shows mixture of leucocytes and epithelial cells; uterus as in stage 2. 

Spaying and administration of hormones. The ovaries were removed by the dorsal route through 
small incisions, one over each ovary. A single ligature of silk was tied round the pedicle of the 
ovary and the upper end of the uterine horn below the Fallopian tube, which was removed at the 
same time as the ovary. Animals were spayed 2-3 months before treatment with hormones was 
begun. Oestrone, and progesterone in doses up to 2 mg, were given subcutaneously in 0-2 ml. of 
50% (w/v) ethanol. The solutions were made by dissolving the substances in absolute ethanol and 
diluting to 50% with water. The larger doses of progesterone (10 mg) were given in 0-5 ml. of 
olive oil. The progesterone would not dissolve completely, and the suspension was therefore 
homogenized in a Potter homogenizer. The final suspension went freely through a no. 12 hypo- 
dermic needle. 

Chemical methods. Collagen was estimated by the method of Neuman & Logan (1950) slightly 
modified (Harkness & Harkness, 1954a). Nitrogen of proteins other than collagen was also 
estimated. In some experiments we estimated the non-collagenous nitrogen left after treatment 
of tissues with hot trichloroacetic acid for extraction of deoxyribonucleic acid by Schneider’s 
method (1954). This method does not estimate all non-collagenous N because some is extracted 
by the trichloroacetic acid. It was used because estimates of deoxyribonucleic acid were made but 
were later found to be wrong because of a technical error. In other experiments nitrogen was 
estimated in the total protein precipitated from a homogenate in 0-3 m-trichloroacetic acid. 
Nitrogen was estimated by the Kjeldahl method, digestion being done by the method of Chibnall, 
Rees & Williams (1943), with distillation into boric acid containing bromcresol green—methy] red 
indicator (Conway, 1947). 

Other methods. In some cases short lengths of uterine horn were fixed in Bouin’s solution, 
embedded in paraffin, sectioned, stained with Ehrlich’s haematoxylin and eosin and examined 
microscopically. Transverse sections were placed in a microprojector set at a magnification of 
x 28 and the outlines traced on to paper of the lumen, the endometrial layer, the circular muscle 
layer and the outermost layer of longitudinal muscle, including the connective tissue layer between 
it and the circular muscle. The areas of the tracings were measured with a planimeter and the 
original areas calculated from them. 


RESULTS 
Ocestrous cycle 

Relation between horns and cervix. The horns and cervix were examined 
separately because they have different functions. It was clear from the results, 
however, that they tended to vary together in weight and collagen content 
in different animals. 

The regression equations relating weight (mg) and collagen content (mg) 
of cervix and horns were: 


(1) Wt. of horns =4-73 x wt. of cervix. 
Correlation coefficient, 0-80. 
(2) Collagen content of horns = 8-1 + 1-49 x collagen content of cervix. 
Correlation coefficient, 0-54. 
(3) Conen, of: collagen in horns (%)=2-47+0-35 x concen. of collagen in 
cervix (%). 


Correlation coefficient, 0-67. 
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We have accordingly combined the results for cervix and horns and have 
considered only the whole uterus in the rest of the analysis of changes associated 
with the oestrous cycle. 

Cyclical changes in total collagen and weight. Three successive groups of 
animals were examined. Each group contained equal numbers of rats at each 
stage of the cycle except the first in which one more rat was killed than at the 
other stages. The variation between animals was large, and no individual 
group showed significant differences between times of the cycle. The results 
for different groups could not be combined directly to obtain a composite 
estimate of changes during the cycle because the groups clearly differed as 
a whole in the total collagen content of the uterus, though they did not differ 
in other respects, e.g. body weight. The mean values for total collagen content 
of the uterus were: 

Group 1. 13 rats, 13°5+2-1 mg. 
Group 2. 16 rats, 24-14 4-4 mg. 
Group 3. 12 rats, 19-5+3-2 mg. 


In order to combine the values for the three groups we have expressed the 
result for each individual rat as the ratio of its value to the mean value for the 
whole group concerned, The results are shown in Table 1 and Fig. 1. The mean 
total collagen shows a small cyclical variation which, however, does not seem 
to be significant. No significant variation between the stages is found by 
analysis of variance, nor is there a significant reduction of variance by fitting 
a sine function. It seems clear that if there is growth and removal of collagen 
in the uterus during the oestrous cycle it is small compared with the simul- 
taneous change in the total size of the organ, and to show it one would have to 
examine a much larger group of animals. 


Effect of hormones 
Relation between horns and cerviz, Again no evidence was found of the 
cervix and horns behaving differently from one another. The correlation 
between cervix and horns in weight and total collagen content for all spayed 
animals, treated and untreated, eighty-eight in number, is shown in Fig. 2. 
The regression equations relating weight (mg) and collagen content (mg) of 
cervix and horns were: 
(1) Wt. of horns = —3-4+ 3-38 x wt. of cervix. 
Correlation coefficient, 0-91. 
(2) Collagen content of horns = 1-94 + 1-38 x collagen content of cervix. 
Correlation coefficient, 0-53. 
(3) Conen. of collagen in horns (%) = —0-18+0-62 x concen. of collagen in 
cervix (%). 
Correlation coefficient, 0-90. 
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Tasxez 1, Variation in wet weight and total collagen content of 
whole uterus during the oestrous cycle 


Stage 1 (oestrus) 2 3 4 
No. of rats 10 
Body weight (g) 184 + 6 178 +4 183 +5 184 +7 
Wet weight of uterus 127-7+ 7:3 97-34 6-4 83-84 6-4 88-24 5-1 
‘Fluid’ §1-7411-0 2940-3 5-6+0-9 2-440-4 
Total collagen of uterus 108-94 4-8 101-3+.5-7 95-1+5-2 96-0+ 5-8 


The estimate of variation is the standard error of the mean. Wet weight and collagen are 


expressed as percentage of mean value for all stages. ‘Fluid’ (initial wet weight minus wet weight 
after opening and blotting) is expressed as percentage of mean wet weight for all stages. Wet 
weight figures are for weight after removal of fluid. 
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Fig. 1. Variations in wet weight, ©, and total collagen content, @, of the uterus during the oestrous 


cycle: the length of the vertical line through each point is twice the standard error of the 
mean. 
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Fig. 2. Correlation between total collagen content of horns and cervix. The line represents fitted 


regression equation: 

Total collagen of horns (mg) = 1-94 + 1-38 x total collagen of cervix (mg) 
The points represent mean values of collagen content of horns for cervices taken in groups of 
50ug hydroxyproline range, except the lowest and highest which represent ranges of 200-300 
and 550-750yg respectively. 
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Accordingly, we have again combined the horns and cervix in our analysis 
of the results. Three main experiments were done. In the first the time course 
of changes with constant daily dosage was examined. In the second the effects 
of various combinations of oestrone and progesterone were examined. In the 
third the effect of high dosage of progesterone was examined. 

Time course of changes in the uterus when repeated doses of hormone were given. 
The experiment was done on two groups of rats from which individuals, by 
reference to a table of random numbers, were chosen to serve as untreated 
controls or for treatment for 1, 2, 3 or 4 days. One group of rats was given 
oestrone 20 ug/day plus progesterone 0-5 mg/day. The rats of the other group 
were given only oestrone in dosage of 20 ug/day, with certain exceptions 
(1 rat killed at 1 day, 1 at 2 days, 2 at 3 days, 2 at 4 days) which were given 
10g in error. As there was no consistent difference between the rats given the 
different doses, we have combined all the results together. In all these rats 
one horn only was used for estimation of collagen and the total for both horns 
was obtained by multiplying the value obtained by two. The other horn was 
used for estimation of non-collagenous N left after extraction with hot 
trichloroacetic acid. The results are given in Table 2 and Fig. 3. It is clear that 


TaBie 2. Effects of oestrone, with and without progesterone, on uterus of spayed rats 


Duration of treatment (days) ... 0 1 2 3 4 
Oestrone 
Body weight at death (g) 238+8 240+ 13 259+ 19 222+5 258 + 8 
Wet weight of uterus (mg) 139417 219+6 256 + 12 280+ 31 
Total co ofuterus(mg) 8440-7 8-440-9 954105 10-2405 106+41-0 
Conen. of collagen in 9040-3 64412 4140-4 3-2+0-2 3-8+0-2 
uterus (%) 
vou 3643 4645 8144 10447 1144+ 16 
collagenous 0-46+40-06 0-7040-18 1-2540-06 1504011 1-85+0-24 
) 
Conen. non-collagenous 1-2740-10 1-494+0-35 1-5640-05 1-4440-03 1-62+0-01 
N of horn ( mm 
horn as %, 5443 484-10 30+ 2 
to 
Weight of ‘fluid’ in uterus 4+1 2146 235 + 23 328431 217+ 153 
Oestrone and progesterone 
Body weight at death (g) 227+19 223415 231+6 249417 219+14 
Wet weight of uterus (mg) 99+ 13 185+ 13 216+ 28 256 + 16 239 + 27 
Total co ofuterus(mg) 10-2412 104406 118410 125413 145426 
Conen, of co in 10-3+0-3 5-7+40-7 5640-7 4840-2 6341-1 
uterus (% 
Weight of horn (mg) 38+5 7145 8311 98+7 100+ 14 
-collagenous N of 0-2740-06 0-8940-17 1-0840-27 1-1040-10 1-26+0-20 
orn (mg) 
en. non-collagenous N 0-6840-10 1-2340-17 1-2540-15 1-114003 1-2640-13 
of horn (%) 
of horn as 7243 4545 4444 42+1 4447 
% total N 
Weight of ‘fluid’ in 6+1 9+2 79 +56 28412 5545 
uterus (mg) 


except the 0 day oestrone-treated group, which contained five rats. For dosage see text. ‘Fluid’ 


represents difference in wet weight of uterus as removed and after opening and blotting. 
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growth of collagen is small compared with growth in general, though, after an 
initial delay of 24-48 hr, collagen and other tissues grow at about the same 
rate, as is shown by the approximate constancy of concentration of collagen 
and of the ratio of collagen N to total N after the first to second day. 


400 Wet weight 


1 
of (days) 

Fig. 3. Collagen content and wet weight of uterus of spayed rats at different times after start of 
treatment with oestrone, (©), 20 wg/day alone, or combined with progesterone 0-5 mg/day, 
(@). The values plotted are group means from Tables 2 and 3 expressed as percentages of 
value for untreated rats. 


It appeared in histological examination of sections of the uterus that hor- 
monal treatment had a general effect on all constituents of the uterine wall. 
The results of measurements in transverse sections of the areas of the different 
layers of the wall of the uterus are shown in Tables 3 and 4 and Fig. 4. It is 
clear that the effect of the hormones is generally distributed among all layers, 
though within the muscular layers the circular appears to be affected con- 
sistently more than the longitudinal. The muscular layers taken together as a 
whole behave like the endometrial layer. The ratio (Table 4) between the two 
muscular layers and the endometrial does not vary significantly in the different 
groups. It does not then seem likely that the relative absence of collagen forma- 
tion in the present experiments can be explained on the hypothesis that the 
growth involves different parts of the uterus from those involved in pregnancy, 
since all layers are involved. We have made measurements only on transverse 
sections and ignored differences in the length of the uterus which might explain 
why the absolute changes in area do not seem to bear quite the same relation 
to changes in weight in the oestrone as in the oestrone and progesterone- 
treated animals. But it is very difficult to see how the relative constancy of 
the ratios between the areas of section of the muscular and endometrial 
layers of the uterine wall could be found if these two parts did not increase 
about equally in bulk. ee 

Effect of various combinations of oestrogen and progesterone. Again one horn 
only was used for estimation of collagen, the other horn was used for the estima- 
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Tasie 3. Areas in mm? of lumen and different parts of wall of uterus 
in cross-section (fixed paraffin imbedded material) 
Duration of treatment (days) 0 1 2 3 4 
Ocestrone 
Lumen 0-044001 0084001 0-1440-03 0-5140-12 0-2940-02 
Endometrium 0-4540-05 0544002 0984012 1-:264017 1-47+0-21 
Muscle layers (combined) 0-99+0-07 1-:3840-:13 2-0640-15 2-8240-12 
0-36+40-03 0-494004 0904006 1-0940-10 1-39+40-12 
Longitudinal muscle 0-6340-05 0-8940-:10 1-:164009 1-3240-10 1-4340-28 
Oestrone and progesterone 
Lumen 0054001 0-1240-03 0-10+40-02 0-1440-03 
Endometrium 0-43840-05 0-77+0-09 0-9140-21 0-8340-14 1-02+40-08 
Muscle layers (combined) 1:4240-07 1-7340-25 2-1440-09 2-1040-11 
Circular muscle 3440-07 0574003 0-7540-13 0-9040-05 0-93+0-07 
Longitudinal muscle 0-6440-09 0864005 0-9840-12 1:2340-07 1-1740-11 


The estimate of variation is the standard error of the mean; there were four rats in each group 
except the day 0 oestrone group which had five. For dosage see text. 


Tass 4. Relative areas of cross-section of different parts of wall of uterus (%) 


Duration of treatment (days) 0 1 2 3 4 
Oestrone 
Endometrium 316413 288424 32-0123  33-841:19 33-4+43-6 
Circular muscle 248413 265413 29-8+41-1 300+41-29 32-841-9 
Longitudinal muscle 43-6423 45-7423 382412 36241-61 33-8426 
Oestrone and progesterone 
Endometrium 30-3424 353423 33-3423 278129 
Circular muscle 25-940-7 260410-7 284412 305413 29-941: 
Longitudinal muscle 43-8+2-1 387421 383423 417426 373433 


The estimate of variation is the standard error of the mean. There were four rats in each group 
except the day 0 oestrone group which had five. For dosage see text. 
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Percentage of values for untreated 
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4 
Days after start of treatment 


Fig. 4. Effect of oestrone and progesterone on cross-sectional areas of different parts of the wall 
of the uterus. Group means from Table 3 expressed as percentages of value for untreated 
animals; E, endometrium; M, combined muscle layers; CM, circular muscle; LM, longitudinal 
muscle, 
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tion of total protein N. Three experiments were done. In the first, sixteen rats 
were used, each of which was given a different combination of dosage of 
oestrone and progesterone. Doses of 0, 0-25, 0-5, or 2 mg of progesterone/day 
were used in all possible combinations with 0, 5, 20, or 80 pg of oestrone/day. 
The rats were given one dose/day for 7 days. Analysis of variance on the 
results showed that only oestrone had a significant effect in increasing the 
weight and total collagen content of the uterus. The progesterone effect, when 
all the rats were taken together, was not significant, though there was an 
indication that progesterone had some effect when given alone without oestrone. 
The experiment was therefore repeated again in modified form; the 5ug/day 
dosage of oestrone was omitted, and progesterone alone was given to two rats 
at each level of dosage instead of one. The combined results of this and the 
first experiment are given in Table 5. Analysis of variance on the results again 
shows only a significant oestrone effect and no significant interaction between 
oestrone “nd progesterone. However, if the results for the animals treated 
with only progesterone are taken out and analysed separately a significant 
effect is found, since the regression line of total weight and total collagen on 
dosage has a significant positive slope (P< 0-05). That progesterone can have 
an effect by itself was clearly confirmed by a third experiment with larger 
doses. The results are shown in Table 5. 

Thus it appears that both oestrone and progesterone can cause collagen 
formation in the uterus, but both cause little collagen formation compared 
with general growth. Concentration of collagen and of collagenous N as a 
proportion of total protein N does not vary significantly with the different 
combinations of dosage of oestrone and progesterone as shown in Table 5. 
Similarly, there is no difference between the two treated groups in Table 5 in 
these respects. In the doses used oestrone and progesterone neither interfered 
with one another, nor showed additive effects. 


DISCUSSION 


The only other investigation comparable with this on the effect of hormones on 
the collagen content of the uterus appears to be that of Hurley & Herrmann 
(1955). They used not spayed but immature rats, and found oestradiol 
benzoate produced collagen formation which was slight and delayed compared 
with the accompanying increase in weight. They found that progesterone 
produced less collagen formation in relation to increase of weight than oest- 
tadiol benzoate, and state that it seemed to have an inhibitory effect on the 
oestrogen, Although our own results do not show these effects of progesterone, 
the general relation between growth and collagen formation is the same in the 
two groups of experiments. 
Thus it appears that under hormonal treatment the uterus behaves like 


other organs subjected to a stimulus to growth, in showing collagen formation 
18-2 
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TaBe 5. Effect of various combinations of dosage of progesterone and 


Progesterone (mg/day) ... 
oestrone/day 


Body weight at death (g) 
Total wet wt. of uterus 


(%) 
Concn. non-collagenous N 

of horn (%) 
Co N, % total 
protein N of horn 
20 ug oestrone/day 

Body weight at death (g) 

Total wet wt. of uterus 


(mg) 
Total collagen of uterus 


Conen. non-collagenous N 
of horn (%) 
nous N, % total 
protein N of horn 
80 ug oestrone/day 
Body weight at death (g) 
Total wet wt. of uterus 


Total collagen of uterus 


of horn (%) 
Collagenous N, % total 
protein N of horn 


0 


252 + 33 
8543 


6-0+0-1 
7-03 + 0-28 
1-444 0-19 
43-3451 


232411 
309 + 59 


8140-46 
2-69 + 0-32 
1-69 + 0-02 
20-7 + 2-5 


26147 
496 + 59 


13-241°5 
2-65+0-01 
1-59 +0-02 
20-5 +.0-6 


Mean wits. for all doses of oestrone 


Total wet wt. of uterus 297 


8-6 


0-25 


25647 
149+ 11 


6-9+0-2 
4-77 +0-53 
1-33+0-10 
35°7+4-4 


22444 
343 + 49 


11-341-0 
3°34+0-16 
159+0-11 
25-54 1-0 


2284.5 


357435 


9-340-9 
2-60 +0-01 
2-03 + 0-19 
18-0+2-0 


27:7 


oestrone on the uterus of spayed rats 


0-5 


252+18 
156+ 38 


8-4+0-6 
4:24+ 0-80 
1-39+0-14 
38-7+7-0 


232 +6 
3244 51 


9-8+0-5 
3-05 + 0-32 
1-65+0-11 
24-0+3-0 


25547 

377+ 115 
12-4+43-8 
3°27 +0-07 
1-64+0-20 
23-7 + 2-4 


286 
9-9 


30-2 


2 


242410 
169 + 47 


8-6+1-6 
5-38 + 0-55 
1-28 +0-18 
40°3+5°8 


21642 


233426 


T5417 
3-18 + 0-37 
1-714015 
21-544°5 


20443 
313 +67 
11-6+40-3 
3-52 + 0-67 
1-66 +. 0-02 
23-6445 


The estimate of variation is the standard error of the mean. 


= 
F whic 
| 
judg 
Mean wits. circu 
; for all 
doses of preg! 
proge- mini 
smal 
(mg) 
| Total collagen of uterus 75 spay 
(mg) 
3 Conen. collagen in uterus 5-36 
1-36 
39-4 B 
V 
T 
C 
302 
: (mg) 
| Conen. collagen in uterus 2-05 arm 
3 1-63 
22-8 
l. 
cycl 
ome 2. 
388 
Z Conen. collagen in uterus 2-02 4. 
(%) in 
Concn, non-collagenous N 1-73 
4 21-5 
We 
ackni 
283 238 — Mr N 
7 (mg) 
Total collagen of uterus 8-9 8-9 — 
Conen. collagen in uterus 4-53 3-76 3-62 4-23 
(%) ALEx 
Conen. non-collagenous N 1-60 1-50 1-51 
4 of horn (%) Cars 
Collagenous N, %, total 30-3 30-3 — 
protein N of horn 
4 
Hani 
Har 


HORMONES AND COLLAGEN OF UTERUS 279 


which is delayed and quantitatively small compared with growth in general, | 
judged in this case by weight and protein nitrogen. The fact that under these 
circumstances the uterus behaves like other organs bears out the idea that in 
pregnancy some other factor, probably distension, preponderates in deter- 
mining collagen formation (Harkness & Harkness, 19566). The relatively 
small amount of collagen formation which takes place in pregnancy in an 
empty horn could be produced by progesterone, which is presumably circulating 
in large amounts, since large amounts are required to maintain pregnancy in 
spayed animals (Alexander & Frazer, 1954). 


TaBLe 6. Effect of large doses of progesterone on the uterus of spayed rats 


Untreated Progesterone and oestrone 


Body t at death (g) . 24847 22745 230+ 6 
Wet weight of uterus (mg) 87+39 499 + 25 498 + 30 
Total co of uterus (mg) 5-77 +0-29 9-90 + 0-40 10-30+.0-18 
Conen. collagen (%) 6-62 + 0-21 1-99+0-07 2-09+0-10 
Horn conen. non-collagenous N (%) 1-7640-12 1-66 + 0-05 1-58 + 0-02 
Horn collagen N, % total protein N 34-041°8 12-840-5 13-9+0-1 


The estimate of variation is the standard error of the mean. The dose of progesterone was 
16 mg/day, of oestrone 20g per day for 7 days. There were five rats in each group. 


SUMMARY 


1. Changes in the collagen content of the uterus of the rat in the oestrous 
cycle and under the influence of hormones have been investigated. 
2. The cervical region and horns of the uterus reacted similarly. 


3. No significant change in the total collagen content of the uterus was 
found in the oestrous cycle. 


4. Treatment of spayed rats with oestrone and progesterone individually and 
in combination produced collagen formation in the uterus which was delayed 
and slight compared to growth in weight and non-collagenous protein. 


We are grateful to the Nuffield Foundation for a grant for this work. It is again a pleasure to 
acknowledge the skilled technical assistance of Miss S. M. Fitch and we are also indebted to 
Mr N. W. Please for help in the statistical analysis of results. 


REFERENCES 


ALexanper, D. P. & pnasem, J. F. D. (1954). The effect of spaying in the pregnant rat. 
J. Physiol, 124, 36-37 P 

Regs, M. W. & E. F. (1943). The total nitrogen content of egg albumin 

other proteins. Biochem. J. 37, 354-359. 

J. (1947). ond Volumetric Error. London: Crosby Lockwood. 

Harxwass, M. L. R. & Harxwess, R.D.(1954a). Further observations on collagen in regenerating 
liver of the rat. J. Physiol. 123, 482-491. 

Harxvess, M. L. R. & Hanxwuss, R. D. (19545). The collagen content of the reproductive tract of 
the rat during pregnancy and lactation. J. Physiol. 123, 492-500. 

Harkness, M. L. R. & R. D. 
the rat during pregnancy and lactation. J. Physiol. 1 


j 
4 
‘ 
tg 
i 
3 


280 MARGARET L. R. HARKNESS AND OTHERS 


Harkness, M. L. R. & Hanxwass, R. D. aan The collagen content of the liver in pregnancy 
and lactation. J. Physiol. 184, 135- 


Harkness, M. L. R. & Hanxwass, R. * ane: The distribution of the growth of collagen in 
the uterus of the pregnant rat. J. Physiol. 182, 492-501. 

Harkwess, M. L. R., R. D. & B. E. (1955). Effect of hormones on the 
collagen content of the rat’s uterus. J. Physiol. 128, 16-17 P. 

Harkyess, M. L. R., Hannness, R. D. & Sanrume, J. E. (1954). Changes in the collagen content 
of the thyroid in rats treated with thiouracil. J. Physiol. 125, 51-55. 

Harxwess, R. D, (1952). Collagen in regenerating liver of the rat. J. Physiol. 117, 257-266. 


Hoatey, L. 8. & Hemrmawn, H. (1955). Effect of estrogen and progesterone on collagen content 
of rat uterus, heart and skeletal muscle. Fed. Proc. 14, 230. 


The determination of collagen and elastin in tissues. 
J. biol, Chem. 186, 54 


ScunerpeEr, W. C. (1945). compounds in animal tissues. 1. Extraction and estima- 
tion of desoxypentose nu tod bial. 101, 293-303. 


| The « 
(Krn 
| 4 conce 
j in 80 
activ 
com] 
: and 
expl: 
| durn 
| 1942 
wate 
by 
3 We 
Ross 
4 seve 
Ir 
| duri 
pres 
mig 
inn 
Anin 
: from 
buta 
Ni 
asep 
at 01 
é adja 
abot 
| heal 


281 


J. Physiol. (1957) 135, 281-287 


Na AND K IN DEGENERATING CAT NERVES 


By K. KRNJEVIG 


From the Department of Physiology and Biophysics, University 
of Washington School of Medicine, Seattle 


(Received 27 July 1956) 


The concentration of cations (Na+ K) in cat nerve exceeds that in cat plasma 
(Krnjevié, 1955). It is not clear how this comes about, nor how the high 
concentration is maintained. Perhaps endoneural protein ‘binds’ excess cations 
in some manner, or perhaps an active transport mechanism, a ‘water pump’, 
actively concentrates the nerve electrolytes. Binding of cations by the cephalin 
component of the nerve, as observed in vitro by Christensen & Hastings (1940) 
and suggested for toad nerves by Shanes & Berman (1955), is a third possible 
explanation. | 

We know a great deal about morphological changes in mammalian nerves 
during Wallerian degeneration (Ramén y Cajal, 1928; Nageotte, 1932; Young, 
1942), and know about some of the changes in the chemical composition. The 
water and phosphorus content was studied by Mott & Halliburton (1901) and 
by May (1930), and the collagen content by Abercrombie & Johnson (1946). 
We also have the results of an exhaustive study by Johnson, McNabb & 
Rossiter (19496) on the various fractions of phospholipids present during 
several stages of degeneration. 

In this study the changes in the concentrations of Na and K in cat nerves 
during Wallerian degeneration were observed with the expectation that the 
presence or absence of such changes, and their time course, if they occurred, 
might throw some light on the manner in which these cations are concentrated 
in normal nerves, 

METHODS 


Animals. Allnerves were removed from medium-sized cats of both sexes during a period extending 
from January to May inclusive. The cats were anaesthetized with pentobarbitone sodium (Nem- 
butal), except four which were given ether. 

Nerve section. The operation was performed during fairly light Nembutal anaesthesia, with full 
aseptic precautions. One sciatic trunk (alternating between the left and right sides) was cut cleanly 
at or above the level of the ischial tuberosity, the central segment being retracted and sutured to 
adjacent muscle to prevent distal regeneration. As a prophylactic measure, the cats were given 
about 500,000 units of procaine penicillin intravenously after closure of the wounds, all of which 
healed satisfactorily with no evidence of infection. . 
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Nerve removal. The nerves removed were the sciatic trunks and the proximal parts of the 
peroneal and tibial divisions. Degenerating nerves were cut about 2-5 mm below the original site 
of section. In each instance the trunk was quickly cleaned of obvious fascial and fatty tissue 
adhering to its surface and immediately weighed in a platinum crucible on a damped balance. The 
respective normal control nerve (from the other leg of the same cat) and the degenerating nerve 
were resected within 3-5 min of each other. 

Estimation of water content. The tissues were dried for at least 7 hr at 100-110° C. They were 
weighed after cooling to room temperature in a desiccator. 

Na and K estimations. The dried nerves were ashed for 12 hr at 500° C. The ash was then dis- 
solved in three aliquots (about 6 ml. each) of hot 0-7 n-nitric acid. The solution was then made up to 
25-0 ml. with distilled water and the concentrations of Na and K measured against known standards 
with a Beckman flame photometer. Each solution was compared with two standards, one more 
and one less concentrated, five comparisons usually being made. The standard deviation of five 
readings was about 0-6 % of the mean for Na estimations (range 0-2-0-9 %), and about 1-0% for K 
estimations (range 0-6-1-4%). The presence of nitric acid in the solutions did not interfere in any 
detectable way with estimations of either Na or K. 

Cl estimations. A few nerves were analysed for Cl. They were allowed to soak in 5 ml. of distilled 
water for 48 hr. The Cl was then titrated electrometrically with standard AgNQ,, in the presence of 
strong H,SO,, by a differential method. The error of the method varied somewhat with the 
amounts of Cl available, the maximum being estimated at + 2%. 

Desheathed nerves. A very small number of degenerating nerves were desheathed; that is, the 
epineurium and perineurium were dissected off with fine forceps, leaving a bare nerve trunk. These 

erves were treated like the others, and their Na and K contents were analysed for comparison. 


RESULTS 


Degenerating nerves have been grouped according to the lapse of time between 
the aseptic nerve section and the removal for analysis: group 1, 4-5 days; 
group 2, 8 days; and group 3, 31-36 days. Table 1 shows the means of the 
actual concentrations in normal and degenerating nerves at different times. 


TaBLE 1. Concentrations of water, Na and K in normal and in degenerating cat nerves. 
(Means and standard errors of means) 


Cation concentrations Cation concentrations 


No Total (m-mole/kg wet weight) (m-mole/kg water) 
Nerves nerves (mg) (%) Na K Na+K Na K Na+K 

Normal control 16 302-1 64-8 86-4 415 1279 133-4 641 = 197-5 

+12-1 +09 413 410 414 417 
Degenerating 

45 daysafter 4 332-6 773 «61122 «625-2 145-2 326 1778 

section +515 +08 413 413 419 412 42:2 

8 days after a 405-0 70-1 1008 320 1328 143-7 45:7 189-3 

i +16 423 408 +420 414 415 414 

31-36 days 8 264-2 73-4 995 260 1246 1343 354 169-7 

+23-0 +12 4138 425 +16 +13 


Each degenerating nerve was compared with its normal control nerve, and 
a ratio of the two concentrations calculated (Table 2). This procedure clearly 
gives a better idea of the scatter of the data, since some degree of correlation 
between the total concentrations in the paired nerves (both from the same 
animal) would not be unexpected. | 
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Cl contents. The concentrations in two degenerating nerves from group 3 
(35 days), were 88-0 and 80-2 m-mole/kg wet weight, and 120-0 and 126-9 m- 
mole/kg nerve water, respectively. The concentrations in the corresponding 
normal control nerves were 74-8 and 57-7 m-mole/kg wet weight, and 106-4 
and 100-5 m-mole/kg nerve water. 

Desheathed nerves. The Na and K concentrations found in one desheathed 
nerve bundle 5 days after nerve section, and two desheathed nerve bundles 
35 days after section, are given in Table 3. 


ABLE 2. Direct comparison of paired degenerating and normal control nerves with regard to concentrations of 
water, Na and K. Concentrations are given relative to those in control nerves, taken as 100. (Means, stan- 
dard errors of means, and significance of differences between control and degenerating nerves) 


Cation concentrations Cation concentrations 
' Total (% of control, in terms of (% of control, in terms of 
nerve wet weight) nerve water) 

generating of (% of Water (% of A ; A 

nerves nerves control) control) Na K Na+K Na K Na+K 
-Sdaysafter 4 112 119 133 62 109 112 52 

+16 +26 +46 432 43-2 +2-1 +20 +08 

P <0-01 <001 <0005 <01 <002 <0001 <0-005 
days after 4 125 110 117 75 103 106 68 

+75 +3-4 +47 +39 +31 +2-7 +29 +405 

P <0-1 <005 <001 >0-25 >0-1 <0005 <0-001 
1-36 days 8 90 113 114 64 98 100 57 

pfter section 4+3°5 +3-4 +21 +13 +29 +408 

P <0-01 <0-001 <0001 >01 <0-001 <0-001 


Taste 3. Concentrations of water, Na and K in desheathed nerve bundles 


Cation concentrations Cation concentrations 
Total (m-mole/kg wet weight) (m-mole/kg water) Period of 
weight Water - An A i 
(mg) (%) Na K Na+K Na K Na+K (days) 
24-3 75-7 1226 5 
55-0 78-0 1040 253 1293 1333 324 165-7 35 
61-6 75-0 106-3 21-1 127-4 8141-7 28-1 169-8 36 
DISCUSSION 


Water, Na, K and Cl in control nerves 


Comparison of the normal Na and K concentrations found in this study, 86-4 
(s.£. + 1-3) and 41-5 ( + 1-0) m-mole/kg wet weight, with the results of an earlier 
study of cat nerves (Krnjevi¢, 1955), in which the corresponding Na and K 
concentrations were 96-2 ( + 1-2) and 46-2 ( + 0-8) m-mole/kg wet weight, reveals 
a fairly systematic difference tending to make the present results lower by a 
factor of the order of 10%, for both Na and K. This difference is rather greater 
than that which would be expected statistically if all the cats belonged to a 
single population (P <0-005). The reason for this significant difference is not 
entirely clear, although much of it would seem to be related to a lower water 
content in the present series: 64-8°% (+ 0-9) as opposed to 68:9% (+0-4). If 
the Na+K concentrations in nerve water in the two series are compared, the 
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two sets of values (197-5 and 206-6 m-mole/kg) agree within about 4%. The 
two estimations of Cl in control nerves gave values reasonably close to those 
seen previously, the agreement again being best when comparing concentra- 
tions in nerve water: 106-4 and 100-5 m-mole/kg in this series and 99 m-mole/ 


kg in the earlier one. 
Degenerating nerves 

Water content. The percentage of water present increased in al three 
experimental groups (highly significant in groups 1 and 3). This finding agrees 
with the observations of previous authors: e.g. May (1930) and Abercrombie & 
Johnson (1946) on rabbit nerves, and Mott & Halliburton (1901) and Johnson 
et al. (19496) on cat nerves. The maximum increase of 19°, at 4—5 days is less 
than the 34% increase observed by the last authors. 

Some of the apparent increase in water content can be ascribed to the great 
decrease in nerve lipids associated with Wallerian degeneration (Johnson et al. 
19496). However, the nerve is most waterlogged very soon after section, 
before the lipids have disappeared to any important extent, so it is likely that 
dilution of the excess cations brings about the change, once the normal binding 
or concentrating process breaks down. 

Na and K concentrations. After 4-5 days the Na concentration was signifi- 
cantly greater than that in control nerves, but this increase was balanced by 
an important drop in K content. While the sum of these two effects produced 
an appreciable rise in the nerve Na+ K concentration, the rise did not balance 
the increase in water, so that, in terms of nerve water, the total Na+ K was 
significantly decreased. 

The K concentration apparently reached a minimum quite early, and the 
Na concentration decreased fairly sharply after the initial rise. As a result of 
these two series of changes, the nerve Na+ K concentration, after a doubtfully 
significant increase at 4—5 days, remained approximately constant. The Na + K 
concentration in nerve water, however, had decreased further by the 31-36 days 
period (169-7 m-mole/kg + 1-3), closely approximating the Na+ K _ concentra- 
tion (164-166 m-mole/kg) in cat plasma water (Robertson & Dunihue, 1954; 
Krnjevié, 1955). 

Cl content. The two estimates of Cl concentration in nerve water after 35- 
36 days (120-0 and 126-9 m-mole/kg) were close to the normal Cl concentration 
(127 m-mole/kg) in plasma water (Robertson & Dunihue, 1954). 


Desheathed nerves 
The number of nerves desheathed was too small to provide significant 
answers, but the data obtained were nevertheless useful as corroborative 
evidence. As might be expected, the desheathed bundle removed 5 days after 
section still contained more Na than either the corresponding degenerating 
whole nerves or the normal desheathed bundle (Krnjevi¢, 1955). However, the 
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Na+ K total was less than in normal desheathed nerves, and the Na+K con- 
centration in nerve water was even less. The two nerves removed after 35 days 
had Na +K concentrations in nerve water in, or close to, the range for plasma 
water. 
Over-all changes 

It seems clear that soon after section of the nerve two processes set in: 
(1) exchange of intracellular K for external Na, and (2) dilution of the nerve 
cations. The first process stops quite early, apparently within a few days after 
section, so that even 30 days after section, the nerve K content is still several 
times greater than the plasma content. The second process continues at a slower 
rate until, after about 35 days, the Na+K concentration in nerve water 


. approximates the corresponding plasma concentration. In addition, some 


other process tends to increase the nerve Cl, which also approaches the plasma 
level. 

If these changes are considered in relation to the suggested ‘mechanisms’ 
for maintaining an excess of cations in the normal nerve, it will be seen 
that without being in the nature of a proof, the evidence points in certain 
directions rather than in others. For example, we know that in degenerating 
nerves endoneural collagen if anything increases after 30 days (Abercrombie & 
Johnson, 1946). Thus, unless cation binding by collagen is inversely propor- 
tional to its concentration, which seems unlikely, collagen cannot be respon- 
sible for the cation excess in nerves. The only qualification is that cation 
binding by collagen would probably be pH sensitive, and we do not know 
whether the pH in the interspaces of nerves changes after section; however, 
whatever the initial pH, the final pH cannot be very far from 7, at which level 
collagen has plenty of free anionic groups available for combination with 
cations. 

Christensen & Hastings (1940) demonstrated cation (Na and K) binding by 
cephalin in vitro. Nervous tissne (Biowr. 1943) contains a substantial amount 
of cephalin, enough to bind an important quantity of cations. Shanes & 
Berman (1955), under the impression that cephalin is a constituent of myelin, 
suggested that an appreciable fraction of Na may be bound in the extracellular 
compartment of toad nerves. However, there is strong evidence that both 
lecithin and cephalin are coustituents of the axis cylinder rather than of the 
myelin sheaths (e.g. J:.|\nson, McNabb & Rossiter, 1949a), so that cephalin- 
bound cations would |. essentially intracellular. 

If cephalin binding .aused the cation excess in cat nerves, one would expect 
the changes in Na+ K to parallel changes in cephalin content. This does not 
happen. When Johnson et al. (19495) determined the amount of cephalin (and 
other lipids) in degenerating cat nerves, they found that the cephalin content 
remains normal during the first 8 days after section. The rapid decrease which 
occurs later is very obvious after 16 days, and practically complete after 32 days. 
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This time course clearly does not correspond with that of changes it in Na+K 
which are greatest in the first 4-5 days. 

The rapidity of the initial dilution seems compatible with the break-down of a 
concentrating mechanism, such as the water pump suggested by the third 
hypothesis. There is enough similarity between the rate of dilution of the nerve 
cations and the rate of loss of internal K to suggest that the mechanisms which 
normally prevent both these processes are of the same kind. 

With regard to ion binding, the possibility remains that excess cations (and 
(CI) are normally held by intracellular protein ionic groups, without marked 
osmotic imbalance. We do not know whether there is enough protein, or even a 
suitable pH, in the cells, and so cannot speculate on this with much profit at 
present. 

Conclusion 

The time course of changes in the Na and K concentrations in degenerating 
nerves are not direct evidence of the manner in which cations are apparently 
concentrated in normal nerves. Nevertheless, these observations are of some 
value as pointers indicating the more and the less likely explanations of this 
phenomenon. It can be said that of the three hypotheses considered here, the 
suggestion that water is actively concentrated in normal nerves is least incon- 
sistent with the experimental findings. 


| SUMMARY 

1, Water, Na, and K concentrations in sixteen degenerating cat nerves were 
measured at intervals of 4-5 days (4 nerves), 8 days (4 nerves) and 31-36 days 
(8 nerves) after aseptic nerve section. The concentrations in the degenerated 
nerves were compared with those in corresponding normal nerves from the 
same animals. 

2. There was an initial substantial increase in water content, the maximum 
being of 19% (+ 2-6) after 4-5 days. 

3. K was lost rapidly. The concentration reached a minimum of 25-2 ( + 1-3) 
m-mole/kg wet weight after 4—5 days, and was at about the same level after 
31-36 days. 

4. K was replaced to a large extent by Na: there was a marked initial 
increase in Na concentration. 

5. The sum of Na and K in terms of nerve water had decreased significantly 
4-5 days after section, and decreased further by 31-36 days, when it approxi- 
mated the Na+K concentration in plasma water. 

6. Two estimations of Cl in degenerating nerves 35 days after section gave 
values close to the corresponding plasma concentration. 

7. The time course of the changes in Na+ K in nerve water was more con- 
sistent with the suggestion that the excess cations found in normal cat nerves 
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are held there by an active concentrating mechanism than with a hypothesis 
involving binding by collagen or cephalin. 
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THE EFFECT OF LOWERED ENVIRONMENTAL TEMPERATURE 
ON THE PERIPHERAL METABOLISM OF LABELLED 
THYROXINE IN THE SHEEP 


By N. FREINKEL* anp D. LEWIS 
From the Biochemistry Department, A.R.C. Institute of Animal Physiology, 
Babraham, Cambridge 


(Received 27 July 1956) 


The production of thyroid hormone by the thyroid gland under the influence 
of the thyrotropic principle of the pituitary normally counterbalances the 
constant peripheral degradation of extrathyroidal hormone. Numerous 
reports indicate that these functions are markedly augmented during exposure 
of mammals to reduced environmental temperature. . 

The earliest evidence for the activation of the thyroid gland in the cold was 
based on morphological (Cramer, 1916; Mills, 1918) and chemical criteria 
(Seidell & Fenger, 1912; Kendall & Simonsen, 1928): the availability of }*11 
for quantitative evaluation of thyroidal function has afforded direct confirma- 
tion (Leblond, Gross, Peacock & Evans, 1944; Ingbar, Kleeman, Quinn & Bass, 
1954; Brown-Grant, 1956). Similarly, the suggestion that increased quantities 
of thyrotropin are elaborated by the pituitary of animals exposed to low 
temperatures (Wolf & Greep, 1937; Uotila, 1939; Starr & Roskelley, 1940) has 
recently been confirmed by direct assay (Brolin, 1946; Stevens, D’Angelo, 
Paschkis, Cantarow & Sunderman, 1955). To date, the evidence for an 
enhanced peripheral degradation of thyroid hormone in the cold is convincing, 
although indirect. It rests upon the observation that at low temperatures 
hypophysectomized animals and animals rendered athyroidal by chemical or 
surgical means require greater replacement dosages of thyroid hormone 
(Stevens et al. 1955; Dempsey & Astwood, 1943; Rand, Riggs & Talbot, 1952; 
Kassenaar, Lameyer & Querido, 1956; Bondy & Hagewood, 1952). 

In the present experiments, previously described techniques (Ingbar & 
Freinkel, 1955a) were modified to assess directly for the first time the influence 
of environmental temperatures upon the rate of removal of extrathyroidal 
thyroid hormone. Thus ™J-labelled 1-thyroxine (!I-thyroxine) has been 

* Postdoctoral Fellow of the National Foundation for Infantile Paralysis, 1955-56. Present 
address: Thorndike Memorial Laboratory, Boston City Hospital, Boston, Mass., U.S.A. 
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given to sheep which were kept outdoors throughout the experiments and 
were shorn as a form of exposure to cold, in keeping with prevailing agri- 
cultural practice. Since thyroxine constitutes more than 90°% of the organic 
iodinated compounds in the thyroidal venous effluent of sheep (Taurog, 
Wheat & Chaikoff, 1956), radioactive thyroxine may be employed as a valid 
indicator of circulating thyroid hormone in sheep. The use of sheep has also 
afforded a means of confirming in larger mammals the earlier reports of the 
influence of environmental temperatures upon the thyroid-pituitary axis. 


METHODS 
Animals 

Four female and ten wether sheep (Clun Forest cross), weighing 25-35 kg and aged 12-14 months, 
were purchased from the same supplier. For one month preceding and throughout the experi- 
mental period the animals were maintained outdoors with free access to grass and water and 
supplementary hay. The sheep were kept on the fields of the A.R.C. Institute of Animal Physiology 
at Babraham, Cambridge. 

Three experiments were performed: Expt. A was conducted in February during periods of 
environmental temperatures ranging from 20 to 50° F ( — 6-7 to 10°C) and averaging 34° F (11°C) 
(Fig. 1). Expts. B and C were conducted concurrently during March, 4 weeks after the start of 


Expt. A. Environmental temperatures ranged from 24 to 65° F ( - 3-3 to 18-4°C) and averaged 


41° F (5-0°C). Daily maximum and minimum temperatures were recorded. 
Experiment A. i-Thyroxine labelled with "I was administered intravenously to ten unshorn 
and two shorn sheep. Shearing was perfornied with hand clippers 10 days before the start of the 
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Fig. 1. Environmental temperatures during studies of thyroxine degradation by sheep. A, Band 
© denote the times of administration of radioactive thyroxine in Expts. A, B and C 
respectively; sheep shorn for Expt. A at SA, and for Expts. B and C at S-~BC; @, maximum 
temp.; O, minimum temp. 
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experiment. Samples of jugular venous blood were obtained daily at timed intervals for 10 days 
following the administration of,radioactive thyroxine. 

Experiment B. Five shorn and five unshorn sheep were given ™I-thyroxine by intravenous 
injection. Each group of five animals included four of the unshorn sheep from Expt. A and one 
sheep which had not been studied previously. The animals were shorn with electric clippers 
9 days before the start of the experiment. To correct for residual radioactivity, blood samples 
were taken immediately before the administration of I-thyroxine. Thereafter samples of jugular 
venous blood were taken twice daily for the first 3 days, at 9 a.m. and 5 p.m., and once daily for 
the subsequent 6 days. Portions of plasma obtained 12 hr after the administration of *I-thyroxine 
were examined by electrophoresis on sheets of Whatman No. 3 filter paper in veronal buffer at 
pH 8-6 and at 110 V. The details of the paper electrophoretic techniques have been described by 
Freinkel, Dowling & Ingbar (1955). After electrophoresis the papers were aegis el in 
contact with Kodirex X-ray film in order to localize the th i teins of sheep plasma. 

Portions the obtained and Sth ofter the edministretion 
of "]-thyroxine were pooled and analysed for protein-bound ™"I by the method of Barker, 
Humphrey & Soley (1951). The analyses were performed by Bio-Science Laboratories, 2231 S 
Carmelina Avenue, Los Angeles, California, U.S.A. 

At the end of Expt. B, seven of the animals were killed by humane killer; these included three 
shorn sheep, two unshorn sheep, and two unshorn sheep which had received a single injection of 
10 U.S.P. units Thyrotropin (‘Thytropar’, Lot. No. P. 2308, Armour), the one at 5 hr and the other 
at 7 hr before being killed. In these seven animals the thyroid glands were quickly excised, 
weighed, and central portions from each lobe were placed in Heidenhein’s Susa fixative. Histo- 
logical sections 5 » in thickness were cut from paraffin blocks and stained with haematoxylin 
and eosin. Mean cell heights were measured by the method of Starr & Rawson (1937). 

Experiment C. The experimental animals consisted of the two remaining unshorn and the two 
shorn animals of Expt. A. Injection of *I-thyroxine and the collection of plasma samples were 
carried out as in Expt. B. In addition, the animals were given 5 ml. of a 6% (w/v) sodium iodide 
solution by oesophageal intubation every morning for 3 days before the start of the experiment 
and daily thereafter. 

Animals were weighed at the beginning and end of each experiment, and at the time of autopsy 
in the case of those animals that died. Rectal temperatures were taken at the end of Expt. A, 
and at 3-day intervals during Expts. B and C. 


Radioacté terial 

The radioactive thyroxine used in the experiments was obtained from the Radiochemical 
Centre at Amersham in two separate lots. It had been prepared by the iodination of L-tri-iodo- 
thyronine (Critchlow & Goldfinch, 1954) and at the time of receipt in the laboratory it was in 
solution in 50% propylene glycol and labelled with "I to a specific activity of 1 mc/450 yg L- 
thyroxine. Solutions suitable for injection were prepared by dissolving these preparations in a 
9:1 mixture of 0-85 % (w/v) sodium chloride and sterile sheep serum. It has been shown (Freinkel 
et al. 1955) that adsorption to glassware can be minimized by the inclusion of protein in dilute 
solutions of thyroxine. 

At the start of each experiment, 5 ml. of the serum-saline mixture containing 55 (Expt. A) or 
70ug (Expts. B and C) of i-thyroxine labelled with 120 yc of “I were given to each animal by 
injection into the jugular vein from calibrated syringes. Radioactive standards were prepared 
with mock injection techniques. The homogeneity of the labelled material at the time of injection 
was assessed by chromatography of an acid n-butanol extract of the injection mixture. The 
following solvents (Roche, Lissitzky & Michel, 1954) were used for one-dimensional chromato- 
graphy on washed sheets of Whatman No. | filter paper: (a) n-butanol—acetic acid—water; (b) n- 
butanol-formic acid; (c) phenol saturated with 0-1 % (w/v) aqueous ammonia, and (d) n-butanol- 
ammonia. Chromatography in these solvents demonstrated that radioactive matter other than 
thyroxine constituted less than 10% of the total administered radioactivity in Expts. A-C. 
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Blood samples were collected with heparin as anticoagulant, and plasma was separated by 
centrifuging. 1 ml. portions of plasma were pipetted directly into aluminium planchettes 2-5 cm 
in diameter and lined with disks of lens paper. Six drops of alkaline 1% gelatin supplemented 
with carrier iodide were added to the plasma within the planchettes. Dried planchettes were 
counted with a mica end-window Geiger—Mueller tube. Sufficient counts were observed to reduce 
the probable error of the measurement to less than 1%. Plasma radioactivity was related to an 
injection standard of comparable geometry and self-absorption characteristics. 

Representative portions of plasma were precipitated with trichloroacetic acid and with 
ZnSO0,-Ba(OH),. More than 90% of the circulating radioactivity in both shorn and unshorn 
sheep was precipitated with plasma proteins at all times after the administration of '*'I-thyroxine. 
Plasma radioactivity was therefore not corrected for inorganic components and the total observed 
counts, expressed as percentage of administered radioactivity per litre of plasma, were plotted 
directly on semi-logarithmic paper. The time required for the concentration of circulating radio- 
thyroxine to decrease by 50%, (i.e. half time, t}) was determined by standard graphic analysis. 
Statistical analyses were made according to the methods described by Fisher (1948). 


RESULTS 


Disappearance curves of *'1-thyroxine. In Expts. A and B the disappearance 
of radioactivity from the blood could be described in terms of two components: 
an initial rapid decline which included the values obtained after 24 hr and 
until 90-120 hr following the injection of 'I-thyroxine (slope 1), and a 
second slower component which became manifest after 90-120 hr (Fig. 2) and 
upon which all subsequent values for plasma could he projected (slope 2). 
In Expt. A the half-life values for slope 1 were 24 and 28 hr in the two shorn 
animals (Table 1) and averaged 37 hr (s.p. + 4-5) in the ten unshorn sheep: 
t} for slope 2 in the shorn animals were 58 and 54 hr and averaged 54 hr 
(s.D. =5-1) in the unshorn animals. In all ten unshorn sheep the circulating 
radioactivity expressed as percentage of administered .“'I-thyroxine per 
litre of plasma exceeded the values obtained in the shorn animals at all 
times. 

In Expt. B the ¢4 values for slope 1 averaged 24 hr (s.pD.=1-2) in the five 
shorn animals and 37 hr (s.p. = 1-0) in the unshorn (cf. average ¢4 in humans is 
6-7 days; Ingbar & Freinkel, 1955a); these results being statistically different 
(P<0-01). Differences of comparable statistical significance could not be 
demonstrated for slope 2; the t} values were 46 hr (s.p.=5-2) and 49 hr 
(s.D. = 4-1) in the shorn and unshorn groups respectively. However, the levels 
of circulating radioactivity in the two groups in Expt. B were not significantly 
different for the first 20 hr following the administration of *I-thyroxine. 

Since some of the animals in Expt. B had also been studied in Expt. A, the 
reproducibility of the slopes and the effects of exposure to cold could be 
assessed on an individual as well as on a group basis. Slope 1 remained 
constant in the four animals which were not shorn between the experiments: 
the :} values were 35, 32, 40 and 40 hr during Expt. A and 37, 38, 38 and 


36 hr during Expt. B respectively. In contrast the slopes were significantly 
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Shearing Ist slope, t (hr) 
Sheep no. Expt.A orO* Expt.A 

131 U 8 46 25 
133 U 8 42 26 
135 U 8 31 23 
140 U 8 36 24 
125 8 24 
136 U U 35 37 
137 U U 32 38 
138 U U 40 38 
139 U U 40 36 
124 U 38 
132 8 S* 24 23* 
141 8 S* 28 25* 
134 U U* 34 40* 
142 U U* 38 38* 


Fig. 2. The disappearance of circulating radioactivity following the administration of ™I-thyroxine. 
The results are expressed as percentage of the amount injected per litre of plasma at the time 
indicated, plotted on semi-logarithmic paper. A, sheep 136, unshorn; B, sheep 140, shorn; 
C, sheep 134, unshorn and dosed with iodide: D, sheep 132, shorn and dosed with iodide. 


Tasiz 1. Half-lives of the injected ™I-thyroxine in Expts. A-C, for both Ist and 2nd slopes. 
Shearing carried out in preparation for either Expt. A or B as indicated. 8, shorn; U, unshorn. 
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different in each of the four sheep which were shorn between Expts. A and B; 
_ the ¢} values which had been 46, 42, 31 and 36 hr in Expt. A were reduced to 
25, 26, 23 and 24 hr respectively in Expt. B. 

In Expt. C when 300 mg of non-radioactive sodium iodide was administered 
daily, the rate of disappearance of circulating radioactivity could be described 
in terms of a single exponential. Half-time values for this function were 23 
and 25 hr in the two shorn sheep and 40 and 39 hr in the unshorn animals. 


For the same animals ¢} values for slope 1 in Expt. A had been 24, 28, 34 and 
38 hr respectively. 


TaBLe 2. Weight of the thyroid glands and their mean cell heights in the sheep killed at the end 
of Expt. B. During the experiment three sheep were shorn (8) and four unshorn (U) 


Mean cell heights 
Weight of —_ 
Sheep no. thyroid (g) (a) 8.D. 
133 8 1-47 2-7 
135 8 1-67 88 1-7 
140 8 1-90 10-1 20 
136 U 1-54 55 1-5 
137 U 1-48 5&8 1-4 
138 U 1-08 6-7* 18 
139 U 1-69 7-2t 1-7 


* 10 u. (U.S.P.) thyrotropin administered 5 hr before killing. 
+ 10 u. (U.S.P.) thyrotropin administered 7 hr before killing. 

Thyroid weights and mean cell heights. In the seven sheep which were killed 
at the end of Expt. B the thyroid weights had not been significantly affected 
by shearing or by the acute administration of thyrotropin (Table 2). The mean 
cell heights were 11:7 (s.p.=2-7), 8°8 (8.D. = 1-7) and 10-1 p (s.p.=2-0) in 
the three shorn animals as opposed to 5-5 yw (s8.p.= 1-5) and 5-8 py (s.D. = 1-4) 
in the unshorn and 6-7 » (8.D. = 1-8) and 7-2 yw (s.D. = 1-7) in the two unshorn 
animals given 10 U.8.P. units thyrotropin 5 and 7 hr respectively before being 
killed. Differences between mean cell heights of the three shorn and four 
unshorn sheep were highly signifiedAt (P <0-01) (Fig. 3). 

Protein-bound iodine (PBI). During Expt. B portions of the plasmas 
collected on the 3rd, 4th and 5th days were pooled and analyses of the protein- 
bound iodine were performed. The results (Table 3) show that the average 
values for protein-bound "’I are 7-7 »g/100 ml. plasma (s.D.=0-9) for the 
shorn animals and 6-6 »g/100 ml. plasma (s.p.=0-8) for the unshorn sheep; 
the differences being of doubtful statistical significance (P <0-1). 

Thyrowine-binding protein. In confirmation of the findings of Freinkel, 
Dowling & Ingbar (unpublished) the circulating protein-bound radioactivity 
in both shorn and unshorn sheep was principally associated with a single 
"plasma component which migrated with the «-globulins during paper electro- 
phoresis at pH 8-6. The addition of unlabelled L-thyroxine to the plasma before 
electrophoresis in concentrations of 5 yg/ml. effected displacement of most 
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of the radioactivity on to the albumin (Fig. 4). Quantitative comparisons of 
the thyroxine-binding capacities of shorn and unshorn sheep plasma were not 
made, 


Fig. 3. Photomicrographs of the thyroids: sections stained with haematoxylin and eosin. 
A, sheep 137, unshorn; B, sheep 133, shorn; C, sheep 136, unshorn, treated with thyrotropin 
5 hr before being killed; D, sheep 139, unshorn, treated with thyrotropin 7 hr before being 
killed. 


Weights. In Expts. A and B both the shorn and unshorn animals maintained 
their weights within +3 kg throughout the experimental period (Table 3). 
Statistical differences in weight changes could not be demonstrated. Loss of 
weight coupled with diminished food intake occurred in all the sheep in 
Expt. C. Of the shorn sheep in this experiment, one died on the 9th day 
following the administration of iodide, and a second died 4 days after the end 
of the experiment, or 16 days after the start of iodide therapy. Weight losses 
in these animals were 5-5 and 6-4 kg respectively. One of the unshorn animals 
survived and lost 4-1 kg during the course of the experiment. The second 
unshorn animal died 3 days after the completion of the experiment and lost 
4-4 kg during the period of observation. At autopsy, heavy infestations with 
gastro-intestinal helminths were present in all three animals. Save for diffuse 
broncho-pneumonia in one of the shorn animals, no other pathological findings 
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Fig. 4. Paper electrophoresis of plasma from sheep 133 (shorn) and 139 (unshorn), withdrawn 


12 hr after the administration of ™I-thyroxine. Paper strips A and B (sheep 133 and 139 
respectively) stained with bromphenol blue to localize the plasma proteins as indicated; 
C, radio-autograph showing the position of radioactivity (sheep 133) principally associated 
with the sheep a-globulin; D, radio-autograph showing the displacement of radioactivity 
from the globulin to the albumin when the plasma (from sheep 139) was supplemented 
in vitro with 5 yg/ml. of unlabelled L-thyroxine. 


Tas_e 3. The live weights of the sheep before and after each experiment, the rectal temperatures 
before, during and after Expts. B and C, and the PBI concentration in pooled plasma 
samples of the 3rd, 4th and 5th days of Expt. B. Whether shorn or not can be seen from 
Table 1. Series 1 of rectal temperatures taken 4 days after the sheep were shorn (i.e. 5 days 
before start of Expt. B), series 2 taken 4 days after start of Expt. B and series 3 taken on last 
day of Expt. B 


Weights of sheep ( 
F PBI 
Expt. A Expt. B or C* temperatures (° F) 

no. Before After Before After 1 2 3 enh 
131 33-5 32-9 29-0 29-6 103-6 104-1 104-0 76 
133 33-3 31-8 25-4 22-9 104-2 103-8 103-2 8-7 
135 28-7 27-9 25-7 23-7 103-0T 103-0 103-4 6-2 
140 38-5 37-1 33-4 303 103-8 104-2 8-2 
125 — — 31-7 30-1 102-8 103-2 104-4 8-0 
136 33-4 32-3 31-1 31-8 104-2 104-3 104-0 5-0 
137 32-2 30-6 28-3 26-0 104-4 103-5 104-8 7:3 
138 34-9 35-6 30:1 30-7 104-0T 104-5 104-4 6-6 
139 381 38-7. 105-08 1045 1038 70 
124 —_ ae 38-1 38-4 104-8 103-4 104-6 6-9 
132 33-0 33-3 27-5* 22-0 103-8 104-3* — — 
14] 26-3 26-8 22-9* 16-5 103-2 104-0* 103-8 — 
134 31-9 31-4 29-2* 25:1 105-2 104-8* 104-8 — 
142 28-5 27-8 26-2* 22-2 104-0 103-9* 104-6 — 


* Four sheep used in Expt. 0; f 395°C; } 40-0°C; § 40-5° C, 
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could be demonstrated. It is remarkable that these three animals died, and it 
is not clear what significance must be given to this event. 

Rectal temperatures. In general during the experimental periods the rectal 
temperatures of the shorn and unshorn animals did not differ significantly 
(Table 3). In Expt. B, however, the rectal temperatures obtained 4 days 
following shearing (i.e. 5 days before the administration of 'I-thyroxine) were 
significantly lower in the shorn animals (P < 0-05). 


DISCUSSION 


Theoretically, three components may be expected in the disappearance curves 
of injected 11I-thyroxine (Ingbar & Freinkel, 1955a). There is an immediate 
decline which represents both mixing of the labelled material within its virtual 
volume of distribution (thyroxine distribution space) and irreversible removal 
from that compartment by peripheral degradation. When mixing is complete, 
a slower rate supervenes which is governed exclusively by the rate at which a 
constant proportion of the extrathyroidal-thyroxine is degraded. During the 
peripheral catabolism of the injected 1*'I-thyroxine, inorganic "I is liberated 
and is apportioned between the thyroid and urine. Thus, thirdly, after a finite 
interval, the apparent decline of plasma radioactivity may be further damped 
by the release of newly synthesized “'I-thyroxine from the thyroid into the 
circulation. The contribution of such thyroidal re-utilization to disappearance 
slopes will depend upon the thyroidal avidity for ionic iodide and the size and 
the rate of turnover of the glandular pool of hormone. Variations in re- 
utilization may in part at least account for the paradoxical differences in the 
effects of cold and extreme cold upon the thyroidal release of ‘I which have 
been reported by Brown-Grant (1956). 

In the present studies, mixing phenomena were not fully examined and few 
blood samples were drawn before 24 hr after injection. Under these conditions, 
the disappearance of circulating radioactivity in the animals of Expts. A and B 
could be described in terms of two components: (a) a rapid exponential decline 
upon which all values obtained within 24-100 hr after the administration of 
1811-thyroxine could be projected and above which all earlier points fell; and 
(6) a slower exponential decline which became manifest at about 120 hr after 
injection. It is considered that the first slope reflects chiefly peripheral 
degradation, and that the later component represents the composite of 
degradation and re-utilization. 

To test this interpretation Expt. C was performed. Here sodium iodide was 
administered so that dilution with inorganic 12" might minimize the re- 
utilization of inorganic !J, From data in euthyroid humans (Ingbar « 
Freinkel, 19554), it was thought that such doses of inorganic iodide would not 
significantly alter the fractional rate of thyroxine degradation. In the iodide- 
treated sheep, all plasma values obtained after 24 hr following the injection 
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of '*'I-thyroxine could be projected on to a single exponential. The constancy 
of the slopes in this experiment during observations for as long as 240 hr 
confirms that mixing phenomena were complete within 24 hr. The rate 
constants for these single slopes in iodide-treated sheep coincided with the 
values for slope 1 which were observed simultaneously in untreated animals 
and also agreed with values which had been obtained with the same animals 
in Expt. A before the administration of sodium iodide. Although the sheep 
tolerated the iodide poorly, the close parallelism in the values would strongly 
suggest that (a) the monophasic disappearance rates in Expt. C resulted from 
a damping of the re-utilization of inorganic ™ I rather than from inanition 
‘or changes in the metabolism of thyroxine immediately before death; and 
(b) the disappearance rates observed in untreated animals within 24-100 hr 
following the administration of *I-thyroxine represent at least the minimal 
values for the rates of thyroxine degradation. 

On the basis of these considerations it may be concluded that the fractional 
rate of thyroxine degradation is augmented in sheep when exposure to cold 
is induced by shearing. Since shearing was performed 9 days before the 
injection of radioactive thyroxine, it is doubtful whether any of the observations 
can be attributed to shearing per se. Similarly, although the relatively low 
specific activity of the labelled thyroxine necessitated the administration of 
60-70 wg quantities of thyroxine, the electrophoretic evidence that this had 
not exceeded the binding capacities of the specific plasma thyroxine-binding 
protein would tend to rule out ‘saturation phenomena’ (Gross & Leblond, 
1950). 

It is tempting to formulate the available data in more quantitative terms 
(Ingbar & Freinkel, 1955). 


Let k=the fractional rate of turnover of extrathyroidal thyroxine 
expressed as percentage per day, 
PBI = protein-bound iodine of serum (yg 1/100 ml.), 
ETT = extrathyroidal thyroxine (ug thyroxine-I), 
TDS =the ‘thyroxine distribution space’ or virtual volume of distribution 
of thyroxine, and | 
D =thyroxine degradation rate (ug thyroxine-I/day): 


then ETT = PBI x 10 x TDS, 
and D=ETT xk. 


Field conditions precluded the collection of faeces and urine, and the external 
neck counting, which are necessary for precise estimations of TDS. An approxi- 
mate value for TDS may be derived by extrapolating slope 1 to zero time 
and by dividing the amount injected by the theoretical concentration of 
181!-thyroxine in the plasma which would have been obtained if mixing had 
been instantaneous. 
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As calculated in this manner, the TDS averaged 6°80 1. or 21:1% of body 
weight in the unshorn sheep of Expt. B and 6-451. or 22-3% of body weight 
in the shorn animals. At average PBI levels of 6-6 and 7-7 »g/100 ml. plasma 
and fractional turnover rates of 45 and 69% per day respectively, the unshorn 
sheep degraded an average of 199 ug of thyroxine-iodine per day as opposed 
to an average of 343 ug per day in the shorn animals, values within the range 
found for sheep by Henneman, Reineke & Griffin (1955) using a more indirect 
method. Ingbar & Freinkel (1955a) found the normal rate of degradation of 
thyroxine to be 53°6 wg thyroxine-iodine per day in humans of 70 kg body 
weight. It should be stressed that errors inherent in extrapolation techniques 
(Freinkel, Schreiner & Athens, 1953) would tend towards an overestimation 
of TDS. At the same time, early re-utilization of organic I would damp 
slope 1 and result in an underestimation of k, and an overestimation of TDS. 
None the less the approximate doubling of hormonal degradation in sheep 
during exposure to cold is similar to the observations of Dempsey & Astwood 
(1943) in their studies with rats. 

Others have demonstrated that exposure to reduced environmental 
temperature can lower the PBI in athyroidal animals maintained on constant 
amounts of exogenous hormone (Stevens ef al. 1955; Rand et al. 1952; Bondy & 
Hagewood, 1952; Kassenaar et al. 1956). These changes could indicate either 
an alteration in the peripheral degradation or a change in the volume of 
distribution of thyroxine (Ingbar & Freinkel, 19555). The present studies 
afford the first direct confirmation of the former interpretation. 

Because available methods do not permit differentiation between the 
disappearance of thyroxine as a result of its action on end organs and break- 
down unrelated to hormonal action, the term ‘degradation’ has been used 
throughout this report. However, since the elevation of the basal metabolic 
rate (B.M.R.) in animals exposed to cold is related to thyroidal integrity (Ring, 
1939; Stevens et al. 1955), it does not seem unlikely that the above differences 
represent, at least in part, true augmentation of hormone utilization. 

The present data also afford some information about thyroid-pituitary 
interrelationships during the adaptation of large mammals to cold. In the 
shorn and unshorn animals in which re-utilization of inorganic ™J had not 
been inhibited, the divergent rates of disappearance of circulating radioactivity 
became similar after 120 hr. The late parallelism of slopes could only have 
resulted from an increased turnover of intra-thyroidal hormone in the shorn 
population. The histological finding of increased cell heights corroborates the 
isotopic evidence for enhanced thyroidal function. It may be inferred that this 
hyperactivity was produced at least in part by an increased elaboration of 
endogenous thyrotropin since similar, though less significant, histological 
changes were effected by the acute administration of exogenous thyro- 
tropin. 
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_ The available data, however, do not aid in the differentiation of primary 
and secondary events in these sequences. Thus, it cannot be said whether 
exposure to cold augments peripheral degradation directly and secondarily 
activates the thyroid-pituitary system, or whether the reverse is true. In 
intact animals, PBI levels at reduced environmental temperatures have been 
variously described as unchanged, slightly elevated, or slightly depressed 
(Stevens et al. 1955; Rand et al. 1952; Bondy & Hagewood, 1952; Erschoff & 
Golub, 1951); in the present study, the small elevation of PBI in some of the 
shorn animals was not statistically significant. Such minor variations in PBI 
values could be consistent with either thesis, especially if one postulates 
evanescent phases of lag or overshoot in the adjustments of the secondary 
component to the new equilibrium. It may even be that central and peripheral 
mechanisms are concurrently activated by the thermal, vascular or dietary 
adjustments which occur during exposure to cold. In any event, the fact that 
both central and peripheral hyperactivity coexist in the face of near normal 
values for PBI would suggest that the perpetuation of these patterns is 
conditioned by intracellular events rather than extracellular levels of 
circulating hormone. 
SUMMARY 

1. Thyroxine (}*4I-labelled) was administered during the winter months to 
grazing shorn and unshorn sheep in order to assess the effects of reduced 
environmental temperature on the peripheral degradation of thyroid hormone. 

2. Half-times for the turnover of extrathyroidal thyroxine averaged 25 hr 
in the shorn and 38 hr in the unshorn animals. 

3. The enhanced rate of thyroxine degradation in shorn sheep was 
accompanied by significant functional and histological evidence of thyroidal 
hyperactivity. 

4. No significant differences in the circulating levels of protein-bound 
iodine were demonstrated between the shorn and unshorn groups. 

We are indebted to Sir Rudolph A. Peters, F.R.S., and Dr I. W. Rowlands for their constant 
encouragement and advice. We also wish to thank Mr E. J. H. Ford and Mr K. J. Hill for their 
help in the veterinary management of the sheep, Dr R. C. Campbell for his advice on the statistical 


treatment of the results, Mr W. 8. Hardy and Mr A. W. Attwood for the histological sections and 
photography, and Mr F. Hills and Mr R. W. White for their valuable technical assistance. 
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INHIBITION OF THE ANAPHYLACTIC REACTION 


By J. L. MONGAR anp H. 0. SCHILD 
From the Department of Pharmacology, University College London 
(Received 8 August 1956) 


The anaphylactic reaction of plain muscle can be considered as a sequence of 
reactions initiated by the union of antigen with cell antibody and leading to 
histamine release and muscular contraction. Various attempts have been made 
to inhibit one or other stage of the anaphylactic reaction and thus interrupt 
the whole sequence of events. 
_ Two classes of inhibitors have been thoroughly studied but are relatively 

ineffective: the haptens (Landsteiner, 1946) which interfere with the combina- 
tion of antigen with antibody, and the antihistamines which interfere with the 
combination of released histamine with histamine receptors. The most effective 
inhibitors are those which inhibit the last stage of the anaphylactic reaction, 
that of muscular contraction, e.g. sympathomimetics and anaesthetics. 
Anaesthetics do not interfere with the union of antigen with antibody since 
they do not prevent desensitization (Bezredka, 1907; Farmer, 1937). Anti- 
pyretics also inhibit anaphylaxis; Lepper, Caldwell, Smith & Miller (1950) 
have shown that salicylates and amidopyrine provide some protection to 
rabbits from fatal anaphylactic shock; Smith & Humphrey (1949) found 
salicylate to be very weakly active against anaphylactic shock in guinea-pigs. 

There is evidence that some inhibitors of plain muscle interfere with the 
release of histamine and in this way block yet another stage of the anaphylactic 
reaction, e.g. both adrenaline (Schild, 1936) and ether (Katz, 1940) inhibit the 
release of histamine from guinea-pig lungs in anaphylaxis. Salicylates also 
inhibit histamine release (Trethewie, 1951; Haining, 1956). Interference with 
oxidative métabolism by oxygen lack (Parrot, 1942) and by ascorbic acid 
(Ungar, Parrot & Levillain, 1937) also inhibits the release of histamine in 
anaphylaxis, Histamine release by antigen from rabbit’s blood im vitro is 
inhibited by heparin (Dragstedt, Wells & Rocha e Silva, 1942), and by various 
ions (McIntire, Roth & Richards, 1949). 

The object of this paper has been to investigate systematically the effects 
of chemical inhibitors of anaphylaxis, such as metabolic inhibitors and 
antipyretics, as well as oxygen lack, and to determine by various tests the site 
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of the inhibition. The inhibitors have been assessed by their effects on histamine 
release and on the anaphylactic contraction of plain muscle. Measurement of 
histamine release by antigen from uniform samples of chopped sensitized 
guinea-pig lung has provided a useful measure of the activity of inhibitors, 
and the anaphylactic contraction of guinea-pig ileum and uterus has on the 
whole provided a qualitative confirmation of the results obtained from hista- 
mine release. In addition, the effect of inhibitors on muscular contractility 
has been independently investigated and tests have also been carried out to 
determine whether an inhibitor interferes with the reaction between antigen 
and intact antibody and whether it directly inactivates antibody. 

Throughout, comparisons were made of histamine release in anaphylaxis, 
and by organic bases. Earlier work (Mongar & Schild, 1952), in which a close 
parallelism was detected between the effects of antigen and organic bases on 
histamine release from guinea-pig tissues, had suggested that the histamine 
liberators might provide a model for the anaphylactic reaction. This suggestion 
however, was not borne out by the present experiments. Some of this work 
has already been briefly described (Mongar & Schild, 1955a, 5). 


METHODS 
Young guinea-pigs weighing about 250 g were sensitized with a 2% solution of egg albumin in 
0-5 % phenol, of which 1 ml. was injected subcutaneously and 1 ml. intraperitoneally. The isolated 
organs were used 3-16 weeks later. 

Histamine release was measured from lung, spleen and uterus tissue chopped into rods 
0-8 mm x 0-8 mm in cross-section with the McIlwain tissue chopper. A series of samples of equal 
volume (0-2 ml.) were prepared as previously described (Mongar & Schild, 1953) and incubated 
in 10 ml. beakers for 15 min with 0-5 ml, of the required concentration of inhibitor. After this 
treatment 0-5 ml. of releaser solution (usually 2 mg/ml. egg albumin) was added and a further 
15 min period at 37° C was allowed for the release process to take place. The solution was removed 
from the lung particles with a filter pipette, and assayed on the atropinized guinea-pig ileum, 
using automatic assay apparatus (Boura, Mongar & Schild, 1954). Many of the inhibitors of 
histamine release depressed the response of the guinea-pig ileum to histamine. This did not 
normally interfere with assays since the solutions were diluted 50—200 times; in those experiments 
in which high concentrations of inhibitors were present in the assay solutions equal amounts were 
added to the histamine standards. The histamine content of the tissue was determined by heating 
one sample in 10 ml. of Tyrode solution in a boiling water-bath for 5 min. 

The experiments involving oxygen lack were carried out in beakers fitted with rubber caps 
through which passed a hypodermic needle carrying a stream of nitrogen from a gas cylinder. A 
slit in the cap provided an outlet for the nitrogen and an entry for the tip of the pipettes used for 
adding and withdrawing solutions. 


RESULTS 
Histamine release from finely divided lung tissue. Chopped or minced lung 
tissue from sensitized guinea-pigs provides suitable material for studyinz 
quantitatively the effects of inhibitors of histamine release. Twelve or more 
uniform samples can be prepared from each lung. The quantity of histamine 
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released by antigen varies from lung to lung but in samples of the same lung 
it is very constant, as shown in Table 1. The fraction of tissue-histamine 


released by this method is larger than that released by the usual bulk-diffusion, 


or perfusion methods. The quantity of histamine released by antigen in 15 min 
varied between 6 and 60%, of the tissue content; in animals which were used 
within 12 weeks of active sensitization it was usually above 20%. The hista- 
mine liberators 48/80 and octylamine also release histamine from this material 
(Mongar & Schild, 1953). 

In order to obtain low control values, it was necessary to wash the minced 
lung tissue with a large volume of Tyrode solution. After washing for 20-30 min 
the spontaneous rate of release of histamine per minute at 37° C was about 
0-1°% of the tissue content. 


Taste 1. Histamine release by antigen (10-* egg albumin) from six 0-2 ml. samples of chopped 
guinea-pig lung. First column, spontaneous loss of histamine during control period; second 
column, anaphylactic release; third column, histamine remaining in the tissue 


Percentage 

Control Antigen Total release 

release release Residue histamine A 
(4g) (#8) (#8) (#8) Control Antigen 
0-05 1-17 1-57 2-80 2-0 42 
0-04 1-10 1-60 2-74 1-5 40 
0-04 L-1l 1-68 2-83 1-5 39 
0-04 1-32 1-43 2-79 1-5 47 
0-05 1-15 1-40 2-60 2-0 44 
0-04 1-25 1-60 2-89 1-5 43 


Effect of metabolic inhibitors and oxygen lack on histamine release 
by antigen and histamine liberators 

We have investigated the effects of iodoacetate, p-chloromercuribenzoate, 
cyanide, dinitrophenol, fluoride, azide, acetazolamide, and oxygen lack. The 
results of these experiments are shown in Tables 2 and 3. 

Todoacetate. When 1 mm-iodoacetate was added to the particle suspension 
and left in contact for 15 min, the subsequent histamine release by antigen 
was greatly reduced, whereas the subsequent histamine release by octylamine 
and 48/80 was increased. An experiment illustrating this is shown in Fig. 1. 
Three samples obtained from the same sensitized lung were treated with 10~* 
egg albumin, 2 x 10 octylamine, and 10-* 48/80. Three parallel samples were 
treated in the same way except for the addition of 1 mm-iodoacetate. Iodo- 


acetate reduced the release by antigen to 29% of the control value, whereas 
_ it increased release by octylamine to 200%, and that by 48/80 to 145%. 


A series of experiments of this kind have been summarized in Table 2. 
In nine experiments on sensitized lung tissue, 1 mm-iodoacetate reduced hista- 
mine release by antigen to an average of 17 % of the control value, whereas it 
increased release by octylamine to 210% and by 48/80 to 130%. Results of a 
similar kind were obtained with guinea-pig uterus and spleen tissue. 


ae 
4 
> 
| 
‘ay 
i 
“ > 


304 J. L. MONGAR AND H., 0. SCHILD 


~ 
SS 
~ 
~ 
~ 
~ 


15 
LA. LA. LA Pre-treatment with inhibitor (min) 
Fig. 1 Fig. 2 
Fig. 1. Effect of 1 mm-iodoacetate (1.4.) on histamine release from minced, sensitized guinea-pig 
lung by a, antigen (10-* egg albumin); 6, compound 48/80 (10-*); c, octylamine (2 x 10-*). 
Fig. 2. Effect of various times of exposure to a, 0-1 mm-iodoacetate; b, 2 mm dinitrophenol on 
subsequent histamine release to antigen from chopped guinea-pig lung. Each result was 
obtained on.a different sample from the same lung: ordinates, histamine release expressed as 
proportion of release in control experiment without inhibitor. 


TaBzE 2. Effect of iodoacetate on histamine release. When several results are given for the same 
concentration each was obtained on tissue from a different guinea-pig. Release is expressed 
as @ percentage of the total tissue histamine 


Conen. of ‘Releaser 
inhibitor alone — +inhibitor 
Tissue Releaser (mm) (a) (b) b/a 
Lung Antigen 1 32 24 0-75 
0-1 52 34 0-65 
1 41 12 0-29) 
1 31 12 0-41 
l 32 5 0-16 
1 39 ll 0-28 
i 14 2 0-14 >0-17 
l 21 2 0-10 
1 47 2 0-04 
1 33 3 0-09 
1 42 0-05 
10 32 1 0-03 
Uterus Antigen 1 6 1 0-17 0-18 
1 17 3 0-18 
Spleen Antigén 1 16 2 0-12 
i 16 10 } 0-37 
Lung 17 33 1-9 
(2 x 10-4) 1 28 64 
Lung 48/80 (10-*) 1 13 19 15 1:3 
1 18 18 10 
Uterus lamine l 17 44 by 3-0 
(2 x 10-) 1 16 55 3-4 
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Treatment with 0-1 mm-iodoacetate produced little reduction of histamine 
release by antigen after 15 min incubation, but considerable reduction (to 20% 
of control) after 60 min incubation (Fig. 2). The inhibitory effect of iodoacetate 
was not antagonized by pyruvate (0-1, 1, 10 mm) added to the incubation 
mixture. 

Chloromercuribenzoate. Like iodoacetate, this substance is an inhibitor of 
sulphydryl groups. In the experiment given in Table 3 a concentration of 
1 mm reduced the anaphylactic histamine release to 49 °/ of the control. 


TaBxeE 3. Effect of various metabolic inhibitors on histamine release. 
Release is expressed as a percentage of total tissue histamine 


Percentage release by 
of Releaser Releaser 
tor alone +inhibitor 
Tissue Releaser Inhibitor (mM) (a) (b) b/a 
Lung Antigen Nitrogen 13 3-5 0-27 
2 0-6 0-30 
24 ll 0-46 
14 1 0-07 
25 6 0-24 
4 0-36 (°°? 
22 12 0-55 
3-3 0-2 0-06 
48 17 0-35 
42 23 0-55 | 
Uterus Antigen Nitrogen 6 7 1-17 }o-os 
17 . 12 0-71 
Spleen Antigen Nitrogen 20 18 0-90 | 1.06 
16 26 1-62 
Lung Nitrogen 44 oF 1-23 
(2 x 10-*) 
48/80 (10-*) : 9 3 
20 41 2-05 
Lung Antigen Cyanide 2-0 42 19 0-45 
10-0 25 3 0-12 
10-0 11 1 
10-0 22 4 0-18 }0-22 
10-0 32 7 0-20 
10-0 36 9 0-25 
Lung Octylamine Cyanide 10-0 44 63 1-43 
(2 x 10-4) 10-0 20 45 2:25 |, 9 
10-0 12 34 2-83 | 
10-0 46 57 1-24 
Lung Antigen Azide 10 19 17 0-90 
3-2 19 16 re 
10-0 19 15 0-7 
10-0 20 12 0.60 
50-0 20 8 . 0-40 
Lung _ Antigen Dinitro- 0-1 32 27 0-84 
phenol 1-0 41 27 0-66 
1-0 31 22 0-71 }0-81 
1-0 32 34 1-06 
2-0 52 42 
10-0 32 29 
10-0 45 33 0-73 joss 
50-0 45 12 0-27 
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TaBLE 3 (continued) 
Percentage release by 


Conen. of Releaser  Releaser 
inhibitor alone +inhibitor 
Tissue Releaser Inhibitor (mm) (a) (b) b/a 
Lung Dinitro- 1-0 17 15 0-88 
(2 x 10-4) phenol 1-0 28 33 1-18 }103 
Lung 48/80 (10-) 1-0 13 12 0-92 
1-0 18 17 0.95 
An Fluoride 0-1 32 33 1-08 
1-0 41 29 0-71 
1-0 31 29 0-94 }0-91 
1-0 32 35 1-09 
10-0 32 14 0-44 
Lung  Octylamine _—‘Fluoride 10 17 20 1-18 
(2 x 10-4) 1-0 28 40 1-43 
Lung 48/80(10-*)_—- Fluoride 10 13 14 1-08 
Lung Antigen Diamox 10-0 19 0-63 
Lung Antigen p-Chloro- 0-1 45 45 1-00 
mereuri- 10 45 22 0-49 


Nitrogen. Lung tissue which was exposed to nitrogen for 15 min before 
addition of the antigen released less histamine than a control sample left in air. 
In ten experiments the average histamine release under nitrogen was 32°, of 
the control value. Histamine release by octylamine and 48/80, was, however, 
increased under nitrogen. Histamine release by antigen from the uterus and 
the spleen was not diminished under nitrogen. The negative results with 
uterus and spleen may have been due to failure to produce complete anoxia. 

Cyamde (10 mM) caused pronounced reduction of histamine released in 
anaphylaxis. The average release from lung tissue in five experiments with 
cyanide was only 22% of the control value. By contrast, histamine release 
by octylamine was doubled by cyanide. The inhibitory effect of nitrogen and 
cyanide could be partly reversed by 0-1 mm-methylene blue. Higher concentra- 
tions of methylene blue could not be used, since the dye itself then tended 
to release histamine. The potentiation by cyanide of histamine release by 
octylamine was not reversed by 0-1 mm-methylene blue. 

The other metabolic inhibitors examined acted only in relatively high 
concentrations. 

2:4 Dinitrophenol. 2 mm-dinitrophenol produced no appreciable diminution 
of histamine release by antigen, even after 1 hr incubation, as shown in Fig. 2. 
A concentration of 10 mm-dinitrophenol was still ineffective, but 50 mM 
produced inhibition. 

Fluoride was ineffective at 1 mm and weakly inhibitory at 10 mm. 

Azde produced slight mhibition at 10 mm but considerable inhibition at 
50 mm. 
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Acetazolamide. In a single experiment a 10 mm solution of acetazolamide 
(Diamox), an inhibitor of carbonic anhydrase, produced slight inhibition of 
histamine release by antigen. 


Inhibition of histamine release by antipyretics and related compounds 

All antipyretics tested inhibited the release of histamine by antigen from 
sensitized guinea-pig lung. The most active, phenylbutazone, produced 50% 
inhibition in 4 mm concentration, whereas the least active, salicylate, produced 
50% inhibition in 70 mm concentration. The inhibitory activities of these 
substances were determined as follows: the substances were used in several 
concentrations and their effects in reducing histamine release measured 
(Table 4). The concentrations required to reduce histamine release to 50% 
were determined by interpolation if possible, otherwise by extrapolation from 
an average regression line. The values thus obtained are shown in Fig. 3. 
The four most active compounds, phenylbutazone, antipyrine, amidopyrine 
and cinchophen, are potent antipyretics and antirheumatics. 


TaBLE 4. Effect of antipyretics and related compounds on histamine release from guinea-pig 
lung. Release is expressed as a percentage of total tissue histamine 


Percentage release by 

‘Releaser Releaser 

Conen. of alone +inhibitor 
Releaser Inhibitor inhibitor (a) (0) b/a 
Antigen Phenylbutazone 0-4 32 24 0-75 
10 32 15 0-47 
10 33 27 0-83 
1-0 12 14 1-17 
2-0 40 23 0-57 
2-0 33 27 0-83 
5-0 12 3 0-25 
5-0 40 12 0-30 
5-0 33 oa 0-51 
10-0 33 0-27 
Antigen Amidopyrine 10 34 36 1-06 
10-0 19 6 0-29 
10-0 34 15 0-44 
50-0 19 3 0-16 
Antigen Cinchophen 0-2 34 36 1-06 
2-0 34 30 0-88 
2-0 40 38 0-96 
5-0 40 27 0-67 
10-0 19 5 0-26 
10-0 40 22 0-56 
Antigen Antipyrine 1-0 34 39 LI15 
10-0 34 22 0-65 
10-0 2 0-1 0-05 
Antigen p-Ac henol 20 45 “ oe 
An p-Amino-salicylate 10-0 45 53 1-18 
“7 vi 50-0 45 34 0-76 
Antigen Acetylsalicylate 10-0 19 19 1-00 
50-0 19 ll 0-58 
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Taiz 4 (continued) 


Releaser Inhibitor inhibitor (a) (b) b/a 
Antigen Salicylate — 6-0 42 33 0-79 
10-0 19 19 1-00 

10-0 34 32 0-04 

50-0 19 18 0-95 

50-0 34 7 0-21 

60-0 42 20 0-48 

Antigen Acetanilide 4-0 40 49 1-23 
8-0 40 35 0-87 

15-0 40 8 0-21 

Antigen Benzoate 10-0 19 18 0-95 
50-0 19 22 1-16 

Antigen Phthalate 10-0 19 19 1-00 
50-0 19 13 0-68 

Antigen Hydroxyphthalate 10-0 45 45 1-00 
50-0 1-05 

Antigen Cinnamate 10-0 19 10 0-53 
10-0 19 15 0-79 

50-0 19 45 0-24 

50-0 19 5 0-26 

Antigen Hydrocinnamate 10-0 45 43 0-96 
50-0 45 30 0-67 

Antigen Aniline 10-0 35 0-78 
10-0 19 10 0-53 

50-0 45 6 0-14 

50-0 1-9 0-1 0-05 

Antigen Phenol 1-0 2-0 2-0 1-00 
1-0 34 31 0-91 

3-0 1-9 10 0-53 

10-0 45 9 0-20 

10-0 34 4-5 0-13 

10-0 2 0-4 0-20 

Octylamine Phenol 7 10-0 4-1 6-5 1-58 
(2x 10-*) 10-0 22 26 1-18 
48/80 (10-*) Phenol 10-0 5-4 5-9 1-09 
10-0 5-1 5-3 1-04 


We have also examined related compounds which are not used clinically. 
Some of these, e.g. phenol and aniline, possess antipyretic activity but are 
not used because of their toxicity. Amongst this group phenol was by far the 
most active... It produced 50% inhibition of histamine release in anaphylaxis, 
in 4 mM concentration. The concentration-inhibition curve of phenol is shown 
in Fig. 4, The details of this series are included in Table 4 and the concentra- 
tions producing 50% inhibition shown in Fig. 3. The most active compounds 
after phenol were aniline, and cinnamate. The latter is a relatively non-toxic 
substance which is used to test liver function in man. Hydrocinnamate and 
phthalate are weakly active in 50 mm solution and benzoate and 4-hydroxyis»- 
phthalate are inactive in this concentration. 
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Phenol does not inhibit histamine release by octylamine and compound 
48/80. A 10 mm solution of phenol, sufficient to reduce histamine release by 
antigen to 17 % of the control, slightly potentiated both histamine liberators. 


Antipyretics Related compounds 
Phenylbutazone Phenol 
Amidopyrine and antipyrine 
Acetanilide 
Aniline 
Cinnamate 


N-Acetyl-p-aminophenol 


Salicylate and acetylsalicylate és 


180 


Hydrocinnamate and phthalate 
200 
Fig. 3. Concentration (mm) of antipyretics and related compounds for 50% inhibition 
of histamine release in anaphylaxis. 


p-Aminosalicylate 


i 
1 2 
Concentration of phenol (mm) 


Fig. 4. Concentrati action curve of phenol for inhibition of histamine release by antigen from 
sensitized guinea-pig lung: ordinate, histamine release as proportion of release in control 
experiment without phenol. 


General anaesthetics 
Table 5 shows the effects on histamine release of two general anaesthetics, 
urethane and ethanol. Both compound: produced an inhibition of histamine 
release in anaphylaxis, but only in high concentrations. Histamine release by 
octylamine was unaffected. | 
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Effects of phenol 

Effect of phenol on the anaphylactic contraction of plain muscle. The anaphy- 
lactic contraction of the guinea-pig ileum was almost completely abolished by 
10 mm-phenol in Tyrode solution, as shown in Fig. 5. This concentration of 
phenol reduced the sensitivity of the ileum to histamine to about one-fifth. 
The inhibitory effects of phenol on the anaphylactic contraction thus appear 
to be due both to a diminished histamine release and a diminished response to 
histamine. 


TaBie 5. Effect of anaesthetics on histamine release from guinea-pig lung 


Percentage release by 

‘Releaser Release 

Concn. of alone +inhibitor 
Releaser Inhibitor inhibitor (a) (b) b/a 
Antigen Urethane 10 18 18 1-00 
100 32 13 0-41 
mine Urethane 10 44 53 1-20 
(2 x 10-*) 100 44 43 0-98 
Antigen Ethanol 10 18 21 1:17 
500 32 8 0-25 
Octylamine Ethanol 10 44 43 0-98 
(2 x 10-) 500 44 52 1-18 


al 

i) 


Fig. 5. Effect of phenol on anaphylactic and histamine contractions of the guinea-pig ileum 
suspended in Tyrode solution: a, control, maximal contraction with antigen; 6, no effect of 
antigen and reduced effect of histamine after treatment with 10 mm phenol; H, histamine 
10 ng/ml. 


Effect of phenol on antigen-antibody reaction. Two possibilities were explored : 
interference by denaturation of the antibody, and interference by reversible 
combination with antibody. To test whether phenol denatures antibody, 
samples of lung tissue were incubated for 15 min with 10 mm-phenol in Tyrode 
solution. The phenol was then removed by washing the samples four times at 
4 min intervals with 5 ml. Tyrode solution and the antigen (10-* egg albumin 
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solution) was added. The average amount of histamine released in the phenol- 
treated control samples was 6-4% of the content, compared with 6-1% in 
untreated control samples. In a second experiment the phenol-treated samples 
released 8-3°% and the controls 7-1%. 

Corresponding experiments were carried out on the anaphylactic contrac- 
tion. A sensitized preparation of guinea-pig ileum was treated with 10 mm- 
phenol for 5 min. Phenol was then washed out and the antigen added. This 
gave a maximal anaphylactic contraction. There is thus no evidence that 
10 mm-phenol causes persistent damage to the antibody. 


40 
30 
20 
10) 
phenol min 


Fig. 6. Effect of phenol on histamine release and desensitization in chopped, sensitized guinea- 
pig lung: a, phenol-treated sample; 6, control; phenol reduces the histamine release by 
antigen from 34 to 4%, but it does not prevent desensitization, as shown by the absence of 
histamine release with a second dose of antigen after removal of the phenol; (1), Tyrode 
solution; antigen. 

Alternatively, phenol might combine reversibly with the antibody and in 
this way prevent the antigen-antibody reaction. In this case phenol would 
prevent densensitization and a later addition of antigen after removal of the 
phenol would produce histamine release and an anaphylactic contraction. 
The following two sets of experiments show that phenol does not act in this 
way. 

(1) Antigen was added to lung tissue immersed in 10 mm-phenol in Tyrode 
solution. After 15 min the antigen was removed by changing the solution. 
Next, the phenol was removed in the same way, and finally a second dose of 
antigen was added. The amounts of histamine released during these procedures 
and also in control experiments without phenol are shown in Fig. 6. The first 
addition of antigen caused a histamine release of 30% in the control sample 
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but only 4% in the phenol-treated sample. The second addition of antigen 
caused no significant release ( < 4%) in either experiment, proving that desensi- 
tization had occurred in both after the first addition of antigen. Thus phenol 
did not inhibit the antigen-antibody reaction. 

(2) Corresponding tests were carried out on the anaphylactic contraction of 
the isolated ileum and uterus. Fig. 7 shows the effects of phenol on the anaphy- 
lactic contraction of the guinea-pig ileum. A control piece gave a maximal 
anaphylactic response. Another piece treated with 10 mm-phenol gave no 
trace of anaphylactic response. After removal of the phenol the response to 
histamine was fully restored, but a second addition of antigen produced no 
effect, proving the tissue to be desensitized. 


Fig. 7. Effect of phenol on the anaphylactic reaction of the guinea-pig ileum and on desensitiza- 
tion. a, pre-treatment with phenol does not produce a lasting depression of contractility, 
and does not prevent the subsequent anaphylactic reaction; 6, 10 mm phenol in Tyrode 
solution completely inhibits the anaphylactic reaction—nevertheless the tissue is desensitized 
after removal of the phenol; H, histamine 10 ng/ml, 


Similar experiments were done on the guinea-pig uterus (Fig. 8). 20 mm- 
phenol completely suppressed the anaphylactic contraction, yet after washing 
out the uterus was desensitized. In this experiment the amount of histamine 
released into the bath fluid at each stage was also measured. Phenol reduced 
histamine release by the first dose of antigen to less than one-sixth of the 
control value (this was the limit of sensitivity of the assay owing to the high 
concentration of phenol present). A second addition of antigen after removal of 
phenol caused no detectable histamine release. Together these experiments 
provide evidence that phenol does not denature the antibody or interfere 
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with the antigen-antibody reaction. It appears to inhibit a later stage of the 
anaphylactic reaction. 

_ Histamine release after removal of phenol block. Since phenol inhibits hista- 
mine release but does not inhibit the antigen-antibody reaction it might be 
expected that after removal of the phenol the sequence of events which normally 
follows the antigen-antibody reaction would take place and histamine would 
be released. This, however, is not the case if the phenol is removed 30 min after 
addition of the antigen, as shown in Fig. 6. If the phenol is removed soon 
after the addition of the antigen a small histamine release occurs after removal 
of the phenol. Fig. 9a shows that if phenol and antigen are both removed 
3 min after the start of the anaphylactic reaction some histamine is released 


Fig. 8. Two horns (a and 5) of sensitized guinea-pig uterus: phenol prevents the anaphylactic 
reaction of the uterus, but does not prevent desensitization; H, histamine 20 ng/ml. 


after removal of the phenol though less than in a control experiment without 
phenol. In a second experiment with a 5 min contact period there was still a 
small histamine release following removal of the phenol but less than in the 
preceding experiment. These findings suggest that unless the phenol block is 
quickly removed it disrupts the normal sequence of events which follows the 
antigen-antibody reaction. We shall discuss a possible mechanism to explain 
the dissociation of the antigen-antibody reaction from histamine release and 
muscular contraction brought about by phenol. 


| Other effects of inhibitors of anaphylaxis 

Effect on muscular contractility. All the inhibitors tested antagonized the 
pharmacological effects of histamine and acetylcholine in concentrations which 
were of the same order or less than those which inhibit histamine release. They 
did not act as competitive antagonists but as unsurmountable (Gaddum, 
Hameed, Han, Hathway & Stephens, 1955) antagonists. A convenient way of 
Measuring the activity of unsurmountable antagonists is to determine the 
concentrations which depress the maxima of the concentration-action curves 
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to 50% of their original value (Schild, 1957). This concentration was deter- 
mined from experiments on the guinea-pig ileum with acetylcholine as the 
stimulant. In Fig. 10 the concentrations of inhibitors which reduce the 
maximum of the concentration-action curve to 50%, have been plotted against 
the concentrations which reduce histamine release to 50%. When plotted on 
a log. scale the two variables are closely correlated over a wide range of 
concentrations and approach a 1:1 ratio. : 


a 

6} 

5 19 
L--- E 100} 
$2 

x 
8 
b 
2} 
1 
: 10 15 1 10 100 
Min Concentration to inhibit histamine release (mm) 
Fig. 9 Fig. 10 


Fig. 9. Effect of a short phenol block on the'rate of histamine release from chopped guinea-pig 
lung. 10 mm phenol was present at the time antigen was added ( + ); both phenol and antigen 
were removed together ( | ) after 3 min in a, and after 5 min in 6b: note increased histamine 
release after removal of phenol and antigen. The dotted lines show histamine release in contro! 
experiment without phenol, in which the antigen was present in the solution for the same 
length of time. 

Fig. 10. Correlation between inhibition of muscular contractility (concentration which reduces 
the acetylcholine maximum of the guinea-pig ileum to 50%), and inhibition of histamine 
release in anaphylaxis (concentration which reduces histamine release to 50% of control): 
dotted line indicates 1:1 ratio. 1, iodoacetate; 2, cyanide; 3, azide; 4, dinitrophenol; 5, 
phenylbutazone; 6 phenol; 7, amidopyrine; 8, antipyrine; 9, acetanilide; 10, aniline; 11, 
cinnamate; 12, N-acetyl-p-aminophenol; 13, salicylate; 14, urethane; 15, ethanol. 


The antipyretics and anaesthetics inhibit histamine release and muscular 
contraction in approximately the same concentrations. The metabolic inhib:- 
tors are on the whole more effective in inhibiting muscular contraction tha» 
histamine release. Dinitrophenol is particularly interesting in this respect. 
since it inhibits muscular contraction in a concentration which is 100 times less 
than that required to inhibit histamine release. 
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Effect on oxygen consumption. The effect of several inhibitors of anaphylaxis 
on the aerobic metabolism of tissue was studied by the manometric method. 
The oxygen uptake of chopped guinea-pig lung suspended in Tyrode solution 
(in which the bicarbonate had been replaced by an equivalent amount of 
phosphate at pH 7-6) was well maintained for periods of 1-2 hr; the Qo, was 
5-6. After a steady value for the restmg oxygen uptake was obtained, the 
inhibitor present in the side arm of the Warburg flask was tipped in. This 
caused a decrease of oxygen consumption which usually reached a new steady 
value within 30 min. With dinitrophenol in the concentrations used, an 
increase in Oxygen consumption occurred followed by a decrease. Several 


TaBLe 6. Concentration (mm) of compounds required to produce (a) 50% depression of oxygen 
consumption, (b) 50% depression of maximum contraction, (c) 50% depression of histamine 
release 


Compound (a) (5) (c) 
Todoacetate 0-3 0-14 0-22 
Dinitro 0-6 0-3 
Phenyl! 2-5 0-8 4 
Phenol 13 4 4 
Cinnamate 17 10 19 
Urethane 330 90 80 


concentrations of each inhibitor were tested and gave graded reductions in 
oxygen consumption. The values after 30 min were used to determine the 
concentration of inhibitor which reduced oxygen consumption to 50% of its 
original value. These concentrations are shown in Table 6 alongside the 
corresponding concentrations for 50°, depression of acetylcholine contrac- 
tions of the guinea-pig ileum, and 50% depression of histamine release in 
anaphylaxis. There is a close correlation between concentrations which affect 
oxygen consumption and contractility. The concentrations for depression of 
oxygen consumption are consistently somewhat higher than those for depres- 
sion of contractility (1-7—3-7 times). In view of the correlation found between 
inhibition of muscular contractility and histamine release, it is not surprising 
to find a good correlation between inhibition of histamine release and inhibi- 
tion of oxygen consumption. The one notable exception is again dinitrophenol 
which produces a marked inhibition of oxygen consumption in concentrations 
Which are 50 times less than those which inhibit histamine release. 


DISCUSSION 


The study of inhibitors of the anaphylactic reaction can be expected to yield 
information about the underlying mechanism of anaphylaxis and also to 
provide methods for the discovery of potentially useful compounds for the 
treatment of allergic conditions. So far, these methods have not revealed 
subst .nces which specifically inhibit the anaphylactic reaction, since all the 
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substances which we have tested depress other cell functions at the same time 
as they inhibit histamine release in anaphylaxis. Nevertheless, it is possible 
that substances with a more specific action may be found which would have 
undoubted therapeutic value in the treatment of allergic conditions. It is 
interesting that some of the most active inhibitors of anaphylaxis, e.g. 
phenylbutazone and amidopyrine, are clinically effective in rheumatoid 
arthritis, which is probably also an allergic condition. 

With regard to mechanism it has been found that the antigen-antibody 
reaction can be separated from histamine release. This confirms the work of 
Katz (1940) with anaesthetics. Further analysis of the inhibitory action of 
phenol revealed two points of special interest. First, phenol, whilst preventing 
histamine release and muscular contraction in no way interferes with the 
antigen-antibody reaction: it neither denatures the antibody nor does it 
prevent desensitization. Secondly, if the phenol is present for a sufficient time 
during the course of the antigen-antibody reaction histamine release is pre- 
vented even after the phenol has been removed. 

These findings may be examined in the light of two theories which in one 
form or another have long influenced discussion on the mechanism of anaphy- 
laxis. These theories, which are not necessarily exclusive but may be comple- 
mentary, will be referred to as the ‘aggregation theory’ and the ‘enzymic 
theory’ of anaphylaxis. The latter has taken many forms and an elaborate 
variation based on the activation of fibrinolysin has recently been proposed by 
Ungar (1953). A rather different view has been put forward by Parrot & 
Richet (1944), who suggested that the anaphylactic reaction was an oxidative 
process. 

The aggregation theory is based on an analogy between the anaphylactic 
reaction and the precipitin reaction. In its simplest form it envisages the 
disturbance of cell function as a direct consequence of the formation of an 
intracellular aggregate of antigen with antibody (Dale, 1920, 1952). In terms 
of aggregation the mode of action of inhibitors of anaphylaxis could perhaps 
be likened to that of the inhibitors of the polymerization of fibrin studied 
by Ferry (1954) and others. Phenol might interfere with the precipitin reaction 
much as, for example, ethylene glycol interferes with the aggregation of 
fibrin. The analogy however does not hold further, in view of the fact that 
removal of the inhibitor has the opposite effect in the two conditions: after 
removal of ethylene glycol polymerization of fibrin goes to completion, 
_ whereas after removal of phenol the anaphylactic reaction fails to go ‘0 
completion. 

These results can be explained in terms of an enzymic theory if it is assum! 
that the antigen-antibody reaction activates a short-lived enzyme systei 
which is necessary for the completion of the anaphylactic reaction. The prec'se 
mode of action of this enzyme system is unknown but its effects are inhibited | y 
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phenol. The system becomes inactivated again within a few minutes of the 
start of the antigen-antibody reaction and if phenol is present until complete 
inactivation has occurred there is no histamine release, If, however, the 
phenol is present only for a short time, inactivation of the enzyme may not be 
complete and on the removal of the phenol a small histamine release takes: 


Histamine release in anaphylaxis is an active process which is sharply 
distinguished from histamine release by organic bases. It has previously been 
shown (Copenhaver, Nayler & Goth, 1953; Mongar & Schild, 1956; MacIntosh, 
1956) that antigen releases histamine only from intact cells, not from isolated 
intracellular particles, whereas the histamine liberators act equally well on 
isolated particles. The present experiments, which show that iodoacetate, 
nitrogen and cyanide potentiate the action of histamine liberators such as 
octylamine and 48/80 but inhibit histamine release by antigen, also prove that 
the two processes are different. Some at least of the histamine liberators 
probably act by a relatively simple physical mechanism (Mongar, 1956) and 
the antigen probably by an enzymic mechanism. 

The conclusion that the anaphylactic reaction requires a functioning cell 
is in accord with the finding that all substances which inhibit histamine release 
in anaphylaxis inhibit muscular contractility and oxygen consumption. In 
general the concentrations which inhibit contractility and oxygen consumption 
are of the same order as those which inhibit histamine release by antigen, but 
in the case of dinitrophenol the concentrations which depress contractility 
and oxygen consumption are considerably lower than those which depress 
histamine release. Since the inhibition of oxygen consumption after dinitro- 
phenol is probably due to absence of that part of the metabolism which is 
concerned with the utilization of phosphorylated compounds, it may be 
tentatively concluded that these compounds are not required for the anaphy- 
lactic reaction, The fact that dinitrophenol abolished muscular contractility in 
concentrations in which histamine release was not at all inhibited is of some 
interest, since it shows that a contraction of plain muscle is not an essentia! 
step in the process of histamine release by antigen. 

Our experiments provide little evidence about the precise nature of the 
reactions which occur in anaphylaxis. The high activity of the sulphydryl 
inhibitors, iodoacetate and parachloromercuribenzoate, may indicate that 
some reaction which involves free sulphydryl groups is an integral part of the 
anaphylactic reaction. Although the inhibitory effect of oxygen lack and 
cyanide on histamine release by antigen shows that oxygen is needed, it is not 
clear at what level of organization it is required, whether it is required specifi- 
cally for the anaphylactic process or to maintain a functioning cell. 
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SUMMARY 

1. The release of histamine in anaphylaxis is inhibited by a large number of 
substances including metabolic inhibitors, antipyretics and related compounds 
such as phenol. These substances generally potentiate histamine release by 
octylamine and compound 48/80. It is concluded that the mechanism by 
which these histamine liberators release histamine i is different from that which 
operates in anaphylaxis. 

2. The inhibition of histamine release in anaphylaxis by phenol is not due to 
inhibition of the antigen-antibody reaction, but of a subsequent, probably 
enzymic, process initiated by the antigen-antibody reaction. Phenol 
inhibits histamine release without inhibiting desensitization. 

3. The substances which inhibited histamine release in anaphylaxis also 
inhibited oxygen consumption and muscular contractility. 


We are indebted to the Asthma Research Council for a grant towards expenses. 
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EFFECT OF TEMPERATURE ON THE 
ANAPHYLACTIC REACTION 


By J. L. MONGAR anp H. O. SCHILD 
From the Department of Pharmacology, University College London 


(Received 8 August 1956) 


The effect of temperature on the antigen-antibody reaction im vitro has been 
investigated by Mayer & Heidelberger (1942), but no corresponding measure- 
ments seem to be available for the anaphylactic reaction. One of us (Schild, 
1939) has observed that histamine release in anaphylaxis is greatly reduced 
at room temperature. In the present experiments this phenomenon was 
further investigated, and it was found that the anaphylactic histamine release 
is inhibited by both high and low temperatures. Temperatures which are only 
slightly above body temperature and which do not affect the viability of cells 
were found to produce a persistent inhibition of anaphylaxis, which is due to 
inactivation not of antibody but of some tissue constituent required for the 
anaphylactic reaction. The effect of temperature on the action of histamine 
liberators has also been studied. Some of these experiments have already 
been described (Mongar & Schild, 1955). 


METHODS 


Histamine release was measured as described in the preceding paper (Mongar & Schild, 1957). 

The temperature was controlled by keeping a stoppered 10 ml. beaker containing 1 ml. Tyrode 
solution and 0-2 ml. tissue in a water-bath which was thermostatically controlled to within 
0-1° C, 

In order to study the effect of pH on heat inactivation, 0-1 ml. samples of lung tissue were 
immersed in 5 ml. Tyrode solution, buffered by adding 1 ml. of isotonic sodium phosphate 
solution of varying pH: the resultant pH was determined with a glass electrode. These samples 
were heated to 42-5° C for 25 min, neutralized with 0-2 s-NaOH or HCl and the antigen was 
thus added at 37° C. 

In some experiments complement was measured by its effect in producing haemolysis of sheep 
oxy Maroy ten, as follows. The time was determined for lysis after adding varying amounts of 

ining guinea-pig serum to the suspension of sensitized red cells. A standard 
curve was established | by plotting time of lysis against concentration of complement. The con- 
centration of complement in heated serum was determined by reference to this. 
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RESULTS 

Effect of temperature on histamine release in anaphylaxis 
The histamine-releasing mechanism in anaphylaxis is highly temperature- 
dependent. A typical curve illustrating the effect of temperature on hista- 
mine release from guinea-pig lung is shown in Fig. 1a. This has a maximum at 
body temperature and declines below 35° and above 41°C. It falls off 
particularly sharply at higher temperatures. Release is abolished below 20° 
and above 45°. 

The curve of spontaneous histamine release in relation to temperature 
is shown for purposes of comparison (Fig. 1b). No appreciable spontaneous 
histamine release occurs until a temperature of 55° C. is reached. It is 
clear that the effects of temperature on histamine release in anaphylaxis 


0 10 20 30 40 SO 60 70 
Temperature (°C) Temperature of pretreatment 
Fig. 1 Fig. 2 

Fig. 1. Effect of temperature on histamine release. a, Tyrode solution + antigen (10-* egg 
albumin: mean of two experiments); 5, control (Tyrode alone); c, Tyrode + octylamine 
(2 x 10-*: mean of two experiments). 

Fig. 2. Effect of previous heating on histamine release at 37° C. by antigen from guinea-pig lung. 
a, antigen added immediately after heating; b, antigen added 90 min after heating. 


Taste 1. Histamine release by antigen (1 mg/ml.) at various temperatures. The release in two 
successive 12 min periods has been expressed as a percentage of the total histamine in the 
tissue 


Ist release (%) 2nd release (%) Total 

Temp. A A release 
(°C) Expt.1 Expt.2 Mean Expt.1  Expt.2 Mean (%) 
7 07 1 1-1 1 2 
17 0-7 l 0-7 2 
26 10-8 5:8 8 7-2 2-7 5 13 
3 35 35 35 — 10 10 45 
41 34 38 9-8 8 9 47 
1-7 2-4 2 1-4 2-2 2 4 
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are in no way correlated with the effects of temperature on the stability of : 


intracellular histamine. 

Table 1 shows the effect of temperature during two successive release 
periods of 12 min each. In each case histamine release during the second 
period was less than during the first period. Low and high temperatures thus 
do not merely cause a delay in histamine release but also produce a decrease 
of the total quantity released. 


Effect of temperature on histamine release by octylamine 

The effect of temperature on histamine release by octylamine from guinea- 
pig lung is shown in Fig. lc. The octylamine curve differs in several respects 
from the curve for histamine release in anaphylaxis. The main difference is 
seen above 37° C. when the octylamine curve has a sharp upward trend and 
the anaphylactic curve an equally sharp downward trend. In this range the 
octylamine curve parallels the curve for spontaneous release, though at a 
lower temperature. Below 37° C histamine release by octylamine declines, but 
not as much as histamine release in anaphylaxis. A further difference is that 
the releasing activity of octylamine does not cease even at low temperatures. 


Heat inactwation of the histamine release mechanism in anaphylaxis 

In contrast to the chemical agents studied in the preceding paper, heating 
produces a persistent inactivation of the anaphylactic mechanism. This is 
illustrated by two series of experiments in which the samples of sensitized 
lung were kept for 25 min at temperatures of 41-47°C. The antigen was 
added at 37° C, either immediately after the heating, or 90 min later during 
which time the samples were stored at room temperature. The result was the 
same in both series, as shown by the curves in Fig. 2, which are similar in 
shape and position. The effects of heat on the anaphylactic mechanism thus 
persist unchanged for at least 90 min. 

The most critical temperature range for heat inactivation of the anaphy- 
lactic mechanism is between 42-5 and 43-5°C. In this temperature interval, 
histamine release was diminished by 90%. No evidence of inactivation was 
_ obtained below 42° C: on the contrary there was some evidence of a persisting 
activation of the anaphylactic mechanism, since in both series of experiments 
more histamine was released when the lung was kept at 41° C for 25 min and 
then brought to 37° C than when it was kept at 37° C all the time. 

We have carried out a series of more prolonged experiments to study whether 
heat inactivation is irreversible. Samples of lung tissue were kept for 30 m'n 
at 43 or 45° C, then placed in Tyrode solution at 37° C containing 10~* aure~- 
mycin, and kept for periods up to 12 hr, when the solution was replaced | y 
one containing antigen (10-* egg albumin) and histamine release was measure. 
Fig. 3 gives the histamine release expressed as a fraction of histamine release 
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from controls which were kept at 37° C throughout. At 43° C heat inactiva- 
tion was incomplete to start with, and the anaphylactic mechanism gradually 
recovered in about 6 hr. At 45° C inactivation was complete, there was no 
recovery in 6 hr and only slight recovery of doubtful significance after 12 hr. 

Rate of heat inactivation. Varying degrees of inactivation of the anaphy- 
lactic mechanism were produced by heating the samples to temperatures of 
42-5, 43, 43-5 and 44° C for periods ranging from 5 to 90 min, as shown in 
Fig. 4. The experiments were carried out on samples from one sensitized 
lung. After the heating the samples were brought back to 37° C before the 
antigen was added. The reduction of histamine release after heating, expressed 
in terms of a control sample kept at 37° C, was taken as an index of heat 
inactivation of the anaphylactic mechanism. 


10 
hall 
» 
o* 
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Fig. 3 Fig. 4 


Fig. 3. Recovery from heat inactivation. Sensitized lung tissue which had been heated for 30 min 
at 43° C (upper curve) and at 45° C (lower curve) was allowed to recover at 37° C for varying 
times. Histamine release by antigen was then determined and expressed as proportion of the 
release from controls which were kept at 37° C throughout. 


Fig. 4. Rate of heat inactivation of the anaphylactic mechanism. Samples of chopped lung were 
heated to different temperatures for varying periods followed by 15 min treatment with 
antigen at 37° C, Histamine release is expressed as a proportion of the release by unheated 
controls. 


The time of half inactivation at 42°5°C was 27 min; 85% inactivation 
occurred in 60 min; thereafter the curve seemed to level off with no detectable 
further inactivation at 90 min. The time of half inactivation at 43°C was 
16 min, with complete inactivation at 60 min. Times of half inactivation at 
43-5 and 44° C were 12 and 9 min with complete inactivation in 30 and 20 min 
tespectively. In control experiments, samples which were left standing for 
90 min at 37° C still released as much histamine as fresh samples. 

Effect of pH on heat inactivation. The pH is known to affect the temperature 
of denaturation of proteins and it seemed possivie that it would also affect 
heat inactivation of the anaphylactic mechanism. Samples of chopped 
sensitized lung were placed in Tyrode solutions of varying pH, and heated 
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to 42-5° C for 25 min. The samples were then transferred to solutions at pH 8 
and 37° C and histamine release by antigen was measured. Control samples 
were treated in the same way except that they were kept at 37°C. Fig. 5 
shows histamine releases from the heated samples expressed as a proportion 
of the controls. There was a clear effect of pH on heat inactivation ; heating to 
42-5° C at pH 6-4 produced a more complete inactivation of the histamine 
release mechanism than heating to the same temperature at a physiological 
pH. No appreciable effect of pH on heat inactivation was observed in the 
pH range 7-5-8-4. 


3 


Histamine release at 37° C 


— 


pH 
Fig. 5 
Fig. 5. Effect of pH on heat inactivation. Samples of lung tissue were heated to 42-5° C for 
25 min in Tyrode solution of varying pH: the antigen was then added for 15 min at 37° C and 
pH 8. Histamine release expressed as a proportion of histamine release by controls submitted 

to similar pH changes but kept throughout at 37°C; A, Expt. 1; @, Expt. 2. 
Fig. 6. Heat inactivation of the anaphylactic reaction in isolated guinea-pig ileum: two 
preparations from the same sensitized guinea-pig, both suspended in the same bath (100 ml.). 
Upper tracing, control; lower tracing, preparation heated 2 hr previously to 45° C for 15 min. 


Effect of heating on subsequent histamine release by organic bases. Previous 
heating whilst inactivating the anaphylactic mechanism actually sensitizes 
the tissues to the action of histamine liberators as shown by the following 
experiments. Samples of chopped guinea-pig lung tissue were heated to 48° C 
for 15 min and subsequently treated with either octylamine (0-2 mg/m!.) 
or 48/80 (1 mg/ml.) at 37° C for 15 min. In two experiments with different 
guinea-pigs histamine release from the heated lung was 140 and 110% of the 
controls for octylamine, and 150 and 110% for 48/80. Parallel experiments 
with antigen gave releases of only 2 and 3% of the controls. 
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Effect of heat on the anaphylactic reaction of plain muscle 

Heat inactivates the mechanism responsible for the anaphylactic reaction 
of plain muscle in the same way as it inactivates the histamine release 
mechanism in chopped lung. Temperatures which inactivate the anaphylactic 
mechanism also affect the contractile function of the cell but only as long as 
the preparation is kept at the higher temperature. We can thus confirm the 
finding of Lovatt Evans (1921) that plain muscle heated to 47-49° C loses 
its contractility, but rapidly recovers from heat paralysis when returned to 
87° C. 

Fig. 6 shows an experiment illustrating the effect of heat on the anaphylactic 
reaction. T'wo pieces of ileum from a sensitized guinea-pig were suspended in a 
large isolated organ bath at 38° C; one of them had been heated to 45° C, for 
15 min, two hours previously. Both preparations responded to a small dose 
of histamine with a submaximal contraction; a subsequent dose of antigen 


Fig. 7. Heat inactivation of the anaphylactic reaction in the isolated guinea-pig uterus: a and 
b, two horns of the same uterus ; histamine release indicated by the height of the white columns. 
Presence of antigen indicated by thick black line. In preparation a, which was kept at 37° C 
throughout, a normal anaphylactic reaction was produced ; in preparation b the bath tempera- 
ture was raised to 47° C for a 5 min period 15 min before adding the antigen; although the 
reaction to histamine is unimpaired by the heat treatment, the anaphylactic reaction is 
abolished. H =20 ng/ml. 


produced a maximal contraction in the control but no trace of effect in the 
heated preparation. Finally when a large dose of histamine was given without 
washing out the antigen, it produced a maximal contraction in both prepara- 
tions. 

Fig. 7 shows a similar experiment involving the two horns of a sensitized 
uterus, one of which was heated for 5 min to 47° C. In the control preparation 
(Fig. 7a) the antigen produced a typical powerful anaphylactic reaction; 
in the heat-treated preparation (Fig. 76) it failed to do so; there was only a 
slight instability of base line which persisted after the antigen was washed out. 
The reaction to histamine, however, was unimpaired by the previous heating. 

The quantity of histamine released by the uterus into the isolated organ 
21-2 
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bath during these procedures is indicated by the height of the white columns 
in Fig. 7. Whereas in the control preparation the histamime content of the 
bath fluid increased 20-fold following addition of the antigen, in the heat- 
treated preparation the histamine content did not change. Warming to 
47° C by itself did not cause a release of histamine. 

Rate of inactivation and recovery. Fig. 8 shows the effect on the anaphylactic 
contraction of sensitized guinea-pig ileum of previous heating to 43°C. At 
this temperature inactivation of the anaphylactic mechanism takes place 
slowly. After 25 min exposure to 43° C the anaphylactic reaction was still 
maximal. It was reduced after 40 min and almost abolished after 80 min. 
The preparation was returned to 37° C each time before adding the antigen. 


Fig. 8. Inactivation and recovery of the anaphylactic mechanism after heating sensitized guinea- 
pig ileum to 43° C. These experiments were performed on separate preparations (varying 
slightly in length) from the same animal; sections a-d show gradual inactivation after heating 
to 43° C for 0, 25, 40, and 80 min respectively; the antigen was added after returning the 
preparations to 37° C. Sections e and f show gradual recovery after leaving preparations at 
37°C for80 and 150 min respectively after previous heating for 80 min at 43°C. H, histamine, 

5 ng/ml. 


After heating for 80 min at 43° C, two of the preparations were allowed to 
recover at 37° C, one for 1 hr and one for 24 hr. After 1 hr the first prepara- 
tion gave a half-maximal anaphylactic contraction; after 2} hr the other gave 
a near maximal anaphylactic contraction. In some experiments, in which 
sensitized guinea-pig ileum was heated to 45° C for 15 min, there was no sign 
of recovery in 4 hr. 

The results of these experiments agree well with those obtained on hista- 
mine release from chopped lung under comparable conditions. In both series 
of experiments inactivation at 43° C was slow, and when heating was inter- 
rupted before inactivation was complete, the preparations recovered within a 
few hours. When complete inactivation was obtained by heating to 45° C there 
was no recovery in 4—6 hr. 
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Mechanism of heat inactivation 

We have investigated various possible mechanisms by which heat inactiva- 
tion of anaphylaxis may be brought about. The following alternatives were 
studied: 
(1) denaturation of antibody; 
(2) reversible displacement of antibody ; 
(3) irreversible displacement of antibody; and 
(4) inactivation of some tissue constituent other than antibody. 


It was shown by Dale (1913) that a sensitized uterus which has been de- 
sensitized can be resensitized by incubating it with antibody in vitro. It 
seemed that the technique of passive sensitization im vitro would provide a 
means of studying the effect of heat on both antibody and tissue. 
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Fig. 9. Passive sensitization in vitro. Samples of chopped guinea-pig lung were incubated at 
39° C with rabbit anti-ovalbumin serum for varying times and their histamine release with 
antigen measured: results obtained with two different batches of serum are shown. 


Passive sensitization of chopped lung in vitro. As a preliminary we have 
investigated whether chopped lung could be sensitized in vitro; histamine 
release by antigen provided a measure of sensitization. A series of suspensions 
of lung particles were placed in Tyrode solution at 39° C containing 5% rabbit 
anti-ovalbumin serum. The antigen (10-* egg albumin) was added after various 
time intervals and histamine release was measured. Passive sensitization 
occurred rapidly, as is shown for two batches of rabbit serum in Fig. 9. In 
one instance strong sensitization had occurred in 1} hr, in the other in 2} hr. 
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The quantity of histamine released (38% and 20%, of the tissue content) was 
comparable to that released from actively sensitized tissue. 

Failure to inactivate antibody at 45°C. Rabbit anti-ovalbumin serum was 
heated to 45° for 15 min, and then used to sensitize guinea-pig lung mm vitro. 
Its activity in producing passive sensitization was unimpaired and equal to 
that of unheated serum. In duplicate experiments the percentages of tissue 
histamine released by antigen from chopped guinea-pig lung incubated at 
39° C for 24 hr with heated and unheated serum, were as follows: heated 
serum, 65, 74; unheated serum, 63, 72. 
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Fig. 10. Failure to resensitize heated guinea-pig lung tissue. Actively sensitized preparation: 
histamine release by a, Tyrode solution, (1); 6, antigen, m (10-* egg albumin for 15 min at 
37° C); c, antigen after heating tissue to 45° C for 15 min; d, antigen after heating and 90 min 
incubation with antibody. 

Fig. 11. Failure to sensitize heated guinea-pig lung tissue. Histamine release from samples 
incubated for 90 min at 37° C in: a, Tyrode solution, (1, b and c, Tyrode solution containing 


5% rabbit anti-ovalbumin serum, §; sample c was heated to 45° C for 15 min before incuba- 
tion with antibody. 


Failure to resensitize heated lung. Although antibody is not denatured at 
45° C it seemed possible that this temperature would displace antibody from 
its cellular attachments. If this were the mechanism of heat inactivation of 
anaphylaxis it should be possible to resensitize passively a sensitized tissue 
which had been heated. However, this proved impossible, as is shown by the 
following experiments which were carried out on samples of chopped luny 
from an actively sensitized animal. One sample was treated with antigen an‘ 
gave a good histamine release (Fig. 106). A second sample was heated to 
45°C for 15 min and then treated with antigen; this gave no significant 
histamine release (Fig. 10c). Another sample was heated to 45° C, incubate: 
at 39° for 90 min with 5% rabbit anti-ovalbumin serum, and then treate« 
with antigen; this gave a very small histamine release compared with normz! 
tissue incubated with antibody (Fig. 10d). Thus once the histamine-releas¢ 
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mechanism had been inactivated by heating it could not be appreciably 
restored by 90 min incubation with antibody. 

Failure to detect antibody displaced by heating. The preceding experiment 
seemed to exclude the possibility of a reversible displacement of antibody by 
heat, but does not exclude the possibility of an irreversible displacement of 
antibody. Although in this case the heated tissue could not be expected to 
take up fresh antibody, sufficient displaced antibody might be present in the 
surrounding fluid to be detectable by passive sensitization of normal tissue. 
The following experiment shows that this is not so. Sensitized chopped lung 
tissue was heated to 45° C for 15 min, in a small volume of oxygenated Tyrode 
solution (1 ml./g of tissue). This solution was filtered off from the lung tissue 
and incubated at 39° C for 2 hr with unsensitized chopped lung. When the 
latter was subsequently tested with antigen, it released no more histamine 
than lung kept in Tyrode solution. As a control, a sample of the same lung 
which was incubated with rabbit anti-ovalbumin serum, released 35% of its 
tissue content of histamine. 

Failure to sensitize passively normal heated lung. The following experiments 
suggest that heat inactivation involves a constituent of normal tissue. Chopped 
lung from a non-sensitized guinea-pig was heated for 15 min at 45°C and 
then incubated with rabbit anti-ovalbumin serum at 39°C. After 90 min 
incubation the antigen was added to the solution, and histamine release 
measured. Fig. 11 shows the amounts of histamine released in this prepara- 
tion (c), and in an unheated but otherwise similarly treated control prepara- 
tion (6). Whereas the control became strongly sensitized, releasing 38 % of its 
histamine content, the heated lung released no more histamine with antigen 
than lung which was kept in Tyrode solution (a). 

The anaphylactic contraction after incubation of normal and heated guinea-pig 
ileum with antibody. Experiments on the anaphylactic contraction of isolated 
guinea-pig ileum confirmed the previous results on chopped guinea-pig lung. 
We found that when guinea-pig ileum is incubated with rabbit anti-ovalbumin 
serum in Tyrode solution at 39° C, it becomes passively sensitized in 1-3 hr. 
Fig. 12 shows that a preparation of ileum which was incubated with serum 
for 1 hr gave a typical anaphylactic response when treated with antigen. 

When passive sensitization experiments were carried out on ileum which had 
previously been heated to 45° C there was no trace of anaphylactic response. 
Fig. 13 a-c shows results of experiments carried out on different intestinal 
strips from a sensitized guinea-pig. The record at b shows that the anaphylactic 
reaction was abolished by heating the sensitized intestine to 45° C for 15 min 
and at c that it was not restored by incubating the heated preparation with 
rabbit anti-ovalbumin serum for 2 hr. All preparations responded to hista- 
mine, showing that their contractility was undamaged by the heat treatment. 
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Fig. 12 Fig. 13 


Fig. 12, Passive sensitization of guinea-pig ileum in vitro. Guinea-pig ileum was incubated with 
rabbit anti-ovalbumin serum in Tyrode solution at 37°C for 1 hr and then suspended in 
Tyrode solution: addition of the antigen (10-* egg albumin) produced a nearly maximal 
anaphylactic contraction. 

Fig. 13. Failure to resensitize heated guinea-pig ileum. Three strips of ileum from the same 
actively sensitized animal: a, control reaction to antigen (10-* egg albumin); }, tissue 
previously heated to 45° C for 15 min—no anaphylactic contraction; c, tissue heated to 
45° C for 15 min followed by 2 hr incubation with antibody (5% rabbit anti-ovalbumin 
serum)—no anaphylactic contraction (no resensitization). H =histamine 10 ng/ml. 


Effect of heat on complement 

In view of the extraordinary heat lability of the anaphylactic mechanism 
we have explored the possibility that some factor akin to complement may be 
involved in the anaphylactic reaction. Although complement is usually stated 
to be inactivated at 56° C it seemed possible that inactivation might result 
from prolonged heating at a lower temperature. In order to obtain results 
comparable to those in anaphylaxis, we have tested the effect of heating 
complement for 25 min at various temperatures. 

Fresh guinea-pig serum was heated, then returned to 37° C, and its lytic 
effect determined on red cells incubated with rabbit antibody. Fig. 14 
shows the degree of inactivation of complement after 25 min heating in the 
critical temperature range. Complete inactivation occurred at 53°C and 
no inactivation at 45°C; intermediate temperatures produced incomplete 
inactivation. The temperature for half inactivation of complement after 25 min 
heating was 51° C, as compared with 42-6° C. for the anaphylactic mechanism 
(Fig. 4). There is thus considerable discrepancy between the two inactivation 
temperatures. 


Effect of low temperatures on the anaphylactic reaction 
Fig. 1 shows that histamine release in anaphylaxis is inhibited by both low 
and high temperatures; the mechanism of inhibition by cold is, however, 
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different from that by heat in that it does not produce permanent effects. 
A sensitized tissue which has been cooled to 7° C for periods up to 1 hr and 
then brought back to 37° C, gives a normal histamine release with antigen. 
The inhibition of histamine release by antigen is seen only when the antigen is 
added in the cold. The inhibition even at 17° C is complete and thus greater 
than that achieved with 10 mm phenol. 

It was pointed out in the preceding paper (Mongar & Schild, 1957) that 
phenol, although it inhibits histamine release, does not inhibit the antigen- 
antibody reaction, so that a sensitized tissue which is treated with antigen in 
the presence of phenol becomes completely desensitized. It was of interest 
to find out whether a tissue which is treated with antigen in the cold also 
becomes desensitized. 


60+ 
40 45 50 55 
Temperature (°C) 


Fig. 14. Heat inactivation of complement. Fresh guinea-pig serum was heated for 25 min to 
temperatures varying from 42° to 56° C. Serial dilutions of this serum in Tyrode solution were 
then incubated at 37° C with an equal volume of a 1% suspension of sheep red blood cells 
plus antibody to test for lytic activity. 


In order to test for desensitization, the antigen was added at 17°C and 
left in contact for various times. The tissue was then warmed to 37° C with 
the antigen still present and histamine release was measured and compared 
with control samples to which the antigen was only added at 37°C. Fig. 15 
shows an experiment in which the lung samples were treated with antigen 
in the cold for 15 and 60 min. After warming to 37° C the 15 min sample 
released almost as much histamine as the control, but the 60 min sample 
released only 14% of the control. This shows that following a 15 min contact 
with the antigen at 17° C very little desensitization had taken place, whereas 
after 60 min the desensitization was well advanced. Thus cold inhibits not only 
histamine release but also desensitization. But whereas at 17° C the hista- 
release is completely inhibited the desensitization is only slowed 
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The rate of desensitization at 17°C varied considerably in preparations 
from different animals. Table 2 shows the degree of desensitization in different 
experiments. Desensitization has been expressed quantitatively, in terms of 
histamine release when the tissue was warmed to 37° C, since the more com- 
plete the desensitization at 17° C the less histamine can be expected to be 
released on warming to 37° C. 


37° 
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Histamine release (%) 


min 
Fig. 15. Effect of cold on desensitization. When antigen is present for 15min at 17°C there is little 
desensitization ; subsequent histamine release at 37° C is almost as great as with the control: 
when antigen is present for 60 min at 17° C desensitization is nearly complete; subsequent 
histamine release at 37° C is 14% of the control. (j Tyrode; @ Antigen. 


TaBLE 2. Desensitization at low temperature. Sensitized lung was placed in antigen-containing 
solution at 17° C for varying times and then warmed to 37° C. Histamine release is expressed 
as percentage of controls which were treated with antigen only after warming to 37° C. 
Each experiment was done on tissue from a different guinea-pig 


Histamine 

release 

Expt. no, at 17°C control) 
2 15 50 
3 15 92 
4 20 84 
5 20 29 
la 60 13 
1b 60 14 
2 60 47 
3 60 20 
6 60 63 
2 200 29 


Fig. 16 shows an experiment on lung tissue from the same guinea-pig 10 
which the duration of contact with antigen at 17°C was varied. Samples 
were left in solution of antigen for 0-260 min, then warmed to 37°C, and 
their histamine release determined. Although the quantity of histamine 
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released at 37° C becomes less the longer the previous contact with antigen at 
17° C, the curve does not tend to zero. The shape of the curve suggests that 
complete desensitization cannot be achieved at 17° C 


Min at 17°C 
Fig. 16. Effect of time on desensitization in the cold. Samples from the same lung were placed in 
antigen-containing solution at 17° C for 0-240 min, and then warmed to 37° C for 15 min. 
Histamine release is given as percentage of tissue content. 


DISCUSSION 


The limits of temperature within which the anaphylactic reaction can function 
are remarkably narrow and any departure from the physiological range impairs 
both histamine release and the anaphylactic contraction. The curve relating 
histamine release to temperature resembles an enzyme curve, and more 
recently we have found that the curve relating pH to histamine release also 
resembles an enzyme curve, but there is no question at this stage of implicating 
any particular enzyme system in the anaphylactic reaction. 

Histamine release in anaphylaxis first increases with temperature and then 
suddenly falls off. Two opposing factors are probably involved: (1) the effect 
of temperature on the activity of an enzyme system, and (2) the effect of 
temperature on its inactivation. The first dominates in the range below 37° C. 
From the increase of histamine release by antigen with increased temperature, 
a temperature coefficient for this reaction can be calculated. The Q,, is high, 
of the order of 12, giving an activation energy (ju), as calculated from the 
Arrhenius equation, of about 45,000 calories. This is a higher value than is 
found in isolated enzyme systems, which have act‘vation energies up to 25,000 
calories (Sizer, 1943). 

Heat inactivation. A temperature of 15° C produces a persistent inactivation 
of the anaphylactic histamine release mechanism. This effect is specific for 
anaphylaxis and does not extend to histamine release by octylamine. Inacti- 
Vation does not seem to be due to a denaturation or displacement of antibody. 
Antibody heated to 45° C fully retains its ability to sensitize tissue passively. 
The following findings suggest that the effect of heat is unlikely to be due to a 
loss of antibody from the cell. 
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(1) Passive sensitization experiments show no evidence that tissue heated 
to 45° C sheds its antibody. 

(2) Heat inactivation when incomplete is spontaneously reversible. This 
could not be explained if the antibody had been lost from the cell. 

(3) A tissue which has been heated to 45° C cannot be passively sensitized. 
This finding suggests that the effect of heat is on the tissue itself. 

Heating probably inactivates some tissue component, possibly the precursor 
of an enzyme, which is required in the anaphylactic reaction. This heat-labile 
component is presumably a protein. The temperature coefficient of inactiva- 
tion of the anaphylactic histamine-release mechanism is of the same order as 


TaB_e 3. Temperature coefficient of inactivation of anaphylactic histamine release mechanism 


Time of half 
inactivation* Relative Log relative Difference of log 
Temp. (° C) (min) velocity velcoity relative velocity 

42-5 28-0 1-00 0-000 0-243 

43-0 16-0 1-75 0-243 0-124 

43-5 120 2:33 0-367 0-115 

44-0 9-2 3-04 0-482 

Mean =0-16 per C 
=0-32 per ° C 
Average temperature coefficient = 2-1 per degree. 
* From Fig. 4 
TABLE 4 
Temperature 
for half 
Activation inactivation 
System energy (uz) in 25 min (° C) Author 
Egg albumin 136,000 73 Chick & Martin (1910) 
Goat serum 199,000 50-6 Fam & (1908) 
complement 
Guinea-pig serum — 51 Present work 
complement 
Anaphylactic 150,000 42-6 Present work 
mine 


temperature coefficients of protein denaturation. The temperature coefficient 
of inactivation of the anaphylactic mechanism has been calculated in Table 3 
from the rate experiments shown in Fig. 4. It is not-constant, but averages 
2-1 for 1° C increase of temperature. If only the values for the three higher 
temperatures which gave complete inactivation are used, the mean coefficient 
is 1-7. This compares with a temperature coefficient of 1-9 for the coagulation 
of crystallized egg albumin (Chick & Martin, 1910). The corresponding activa- 
tion energies (4) are shown in Table 4; this also includes the yu value for the 
inactivation of goat serum complement obtained by Famulener & Madsen 
(1908), which is of the same order of magnitude. 

Whilst the temperature coefficient of inactivation of the anaphylactic 
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mechanism fits in with that of the other two systems, the actual temperature 
at which inactivation occurs is considerably lower for the anaphylactic 
mechanism. It is particularly interesting that this temperature is about 
8° C lower than that at which complement is inactivated. There is a certain 
similarity between the action of specific haemolysins and the anaphylactic 


reaction in that both require, besides antibody and antigen, a heat-labile 


factor. However, the difference in the inactivation temperature suggests that 
the heat-labile factor in anaphylaxis, although presumably a protein, is different 
from serum complement. 

Practical implication of heat inactivation. An important practical considera- 
tion is whether the temperature threshold for the inactivation of the ana- 
phylactic mechanism can be reduced below 42-5°C. On theoretical grounds 
no absolute inactivation threshold would be expected. It was pointed out in 
the classical studies of Chick & Martin (1910) that heat denaturation of pro- 
teins is not an instantaneous process but that it occurs at a measurable rate 
with a very high temperature coefficient. This also seems to apply to inactiva- 
tion of the anaphylactic mechanism. We have found that whereas at tempera- 
tures above 45° C inactivation is very rapid and probably limited only by heat 
conduction, at lower temperatures it proceeds more slowly; at 42°5°C the 
time for half inactivation was about 27 min. Our experiments have shown no 
evidence that temperatures below 42-5° C produce inactivation, but the time 
of exposure may have been insufficient. We have found in preliminary trials 
that inactivation of the anaphylactic mechanism im vivo occurs at the same 
temperatures as in vitro. The effect of long exposure to temperatures below 
42-5° C could thus be investigated in the whole animal. 

Another approach is to combine heat treatment with some other treatment 
which affects the anaphylactic mechanism. We have experimented with a com- 
bination of heating and pH changes, and have found that, when tissue was 
heated to 42-5° C at pH 6-4, the effect of heat was considerably potentiated 
and the anaphylactic mechanism more completely inactivated than when the 
same temperature was applied at pH 8. However, no such potentiation was 
obtained in the physiological range down to pH 7. 

The effect of heat on the anaphylactic mechanism in isolated tissue is not 
entirely irreversible, and it appears that the less complete the inactivation the 
greater the chances of recovery. This reversibility does not invalidate the con- 
cept of a denaturation reaction, as in the initial stages protein denaturation is 
not an irreversible process. Since the temperatures used in these experiments 
affect not antibody but a normal tissue constituent required for anaphy- 
laxis, it is to be expected that in the whole animal the inactivation of the 
anaphylactic mechanism will eventually be reversed through the normal repair 
processes of the body. Preliminary experiments indeed suggest that in the 
intact animal heat inactivation is reversible. 
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Effect of cold. Cold produces no permanent damage to the anaphylactic 
mechanism: a sensitized tissue which has been cooled to 17° C and warmed 
again to 37° C has a normal anaphylactic response. If the antigen is added at 
17° C the anaphylactic reaction is apparently completely inhibited as judged 
by histamine release, but further analysis reveals that the earlier stages of the 


reaction are not completely inhibited. After rewarming to 37°C, such a 


tissue proves to be partly desensitized, the degree of desensitization depending 
on the duration of contact with antigen in the cold. The effect of cold thus 
resembles that of certain chemical agents such as phenol in inhibiting 
histamine release in anaphylaxis, but in addition it reduces the rate of 
desensitization. This does not necessarily mean that the antigen-antibody 
reaction is inhibited. Mayer & Heidelberger (1942) have measured the rate 
of the antigen-antibody reaction in vitro at 0° C, and have concluded that it is 
substantially complete within 3 sec. If these results can be applied to our 
heterogeneous system it would seem probable that the rate of the antigen- 
antibody reaction is not a limiting factor at 17°C, but that a subsequent 
reaction is inhibited. In terms of the hypothesis, discussed in the preceding 
paper (Mongar & Schild, 1957), that the anaphylactic reaction involves the 
temporary activation of an enzyme system, the effect of low temperature on 
anaphylaxis could perhaps be explained as follows. When the antigen- 
antibody reaction takes place at 17°C, the formation or destruction of the 
active enzyme is slowed down but is not completely inhibited, whereas its 
action is completely inhibited. This results in a complete inhibition of 
histamine release in the cold, and a reduced histamine release when the 
tissue is warmed again, since by then some of the activated enzyme has been 
destroyed. 

Relation to the proteolytic theory. Since the discovery that trypsin releases 
histamine (Rocha e Silva, 1939), several authors have found that histamine 
release due to many agents, including antigen, is attended by proteolysis 
(Ungar, 1947; Humphrey & Jaques, 1955; Haining, 1956). This has led to the 
suggestion that protein break-down is the cause of histamine release, although 
it is possible that histamine release and protease activation are parallel pheno- 
mena (Ungar, 1956). The action of heat clearly differentiates the enzyme 
system which we envisage for the anaphylactic histamine release from the 
proteolytic system envisaged by Ungar. Temperatures above 45° C inactivate 
the anaphylactic mechanism, but activate the proteolytic mechanism (Ungar 
& Damgaard, 1954). A further distinction is indicated by the finding that 
inhibition of the anaphylactic histamine release, whether by heat or by chemical 
inhibitors, is accompanied by a potentiation of histamine release by organic 
bases, yet the action of both types of releasers leads to proteolysis. It would 
seem that proteolysis is a general feature accompanying histamine release ‘ue 
to many different causes, whereas the various inhibitors studied in this work 
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act on @ more specific mechanism which so far has been found to operate only 
in anaphylaxis. 

Mechanism of anaphylaxis. The following scheme, which may be regarded 


as a working hypothesis, summarizes our views on the mechanism of ana- 
phylaxis: 


Inactive 
enzyme | 


Combination of antigen with antibody results in the activation of an 
enzyme system which catalyses reactions leading to histamine release and 
other effects of anaphylaxis. The activated enzyme is short-lived and in the 
normal course of events becomes rapidly inactivated. Inhibitors act on 
different sites. Theoretically they can interfere with the antigen-antibody 
reaction, with the formation or destruction of the active enzyme or with its 
action. The most probable site of action of various inhibitors is indicated in 
the scheme. 


SUMMARY 

1. The release of histamine in anaphylaxis is maximal at 40° C and is in- 
hibited by high and low temperatures. Raised temperatures produce a 
persistent inactivation of the anaphylactic mechanism. When plain muscle 
which has been sensitized to egg albumin is warmed to 45° C for a few 
minutes and its response to egg albumin tested afterwards at 37° C, histamine 
release and the anaphylactic reaction are abolished, although the contractility 
of the muscle is unimpaired. Low temperatures produce no persistent 
inactivation of the anaphylactic mechanism: if a sensitized tissue is cooled 
and warmed up again, its anaphylactic reaction is normal, but when the 
antizen is added at 20° C histamine release is completely inhibited and 
desensitization is slowed down. 
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2. The effect of raised temperature on the anaphylactic reaction has been 
further investigated in experiments in which passive sensitization was pro- 
duced in vitro. A temperature of 45° C does not denature the antibody but 
inactivates some factor present in normal tissue that is required in anaphylaxis. 
This factor is presumably a protein, but it is not identical with serum 
complement. 

3. The mechanism of the anaphylactic reaction is discussed in the light of 
these experiments. 
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THE EFFECT OF INHIBITION OF AMINE OXIDASE IN VIVO 
ON ADMINISTERED ADRENALINE, NORADRENALINE, 
TYRAMINE AND SEROTONIN 
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Zeller & Barsky (1952) showed that 0-1 mm/kg of 1-isonicotinyl-2-isopropyl 
hydrazine (IIH or Marsilid) injected subcutaneously into rats completely 
inhibited amine oxidase activity in homogenates of liver taken from animals 
killed after two hours. Larger amounts (0-18 mm/kg) reduced activity in guinea- 
pig liver to 6 % of normal. Zeller, Barsky & Berman (1955) state that 0-4 mm/kg 
completely inhibited liver homogenate activity in the dog but that brain 
amine oxidase was only reduced by 73% in the same period of two hours. It 
was effective in the rat and guinea-pig. This inhibition of monoamine oxidase 
s,m vivo is said to occur in cats also. The compound choline-p-tolyl ether 
’ bromide (TM6) has been shown to be an effective inhibitor of guinea-pig liver 
amine oxidase activity in vitro (Brown & Hey, 1956) and to modify the excre- 
tion products of tyramine in rats and mice (Schayer, 1953) and of tryptamine 
in mice (Schayer, Wu, Smiley & Kobayashi, 1954) in a manner which is pre- 
sumed to indicate such activity. 

The role of amine oxidase in the biological inactivation of adrenaline and 
noradrenaline was reviewed by Blaschko (1952). Bacq (1949) considered this 
enzyme to be of little significance in vivo, and recently von Euler & Hellner- 
Bjorkman (1955) and von Euler & Zetterstrém (1955) have reached the same 
conclusion on evidence from animal experiments and human excretion studies. 
On the other hand, Schayer (1951), working with isotopically labelled adrena- 
line, concluded that amine oxidase was of major importance in its catabolism. 
Sjoerdsma, Smith, Stevenson & Udenfriend (1955) have shown that prior 
administration of IIH to rats, rabbits or dogs inhibits the activity of the liver 
amine oxidase on 5-HT as substrate when measured manometrically. An 
attempt has accordingly been made to gain information by using amounts of 
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inhibitor which were demonstrated to be effective in the species used for the 
times required and examining the effect on the excretion of infused adrenaline, 
noradrenaline and serotonin (5-HT) and on inactivation of infused adrenaline, 
noradrenaline and tyramine in the tissues. 


METHODS 
Inhibition of amine oxidase 

In vitro. An acetone-dried preparation of guinea-pig liver was made by homogenizing livers of 
six guinea-pigs in 5 vol. of dry ice-cold acetone for 2 min, filtering under vacuum, resuspending 
the powder in 5 vol. cold acetone and repeating the procedure three times. The powder was dried 
on paper during the night, ground and sieved at 60 mesh (Blaschko, personal communication). 
As needed it was washed twice with 0-0667m-phosphate buffer at pH 7-4 and suspended at a 
concentration of 100 mg/ml. The optimal activity of this preparation was found to occur at pH 
7-2-7-6 and the velocity constants for 0, uptake by enzyme-substrate mixture remained un- 
changed over a period of a year for tyramine, adrenaline and noradrenaline as substrates. Activity 
was measured by conventional manometry at 37° C in O,, final volume per flask 2-4 ml., with 
tyramine as substrate in concentrations of 5-2-2-08 x 10-*m; with and without addition to the 
enzyme of IIH and TM6 in concentrations of 10-*-10-*m for 30 min before final mixing. 

In vivo. 1-0 ml. of fresh liver homogenate, obtained from twelve guinea-pigs and from six cats 
anaesthetized with 40 mg/kg pentobarbitone sodium, was used as enzyme source, and duplicate 
activity was determined manometrically as described above with 3-125 x 10-*m-tyramine as 
substrate. The livers were homogenized with twice their wt. in ml. of cold buffer. Results were 
expressed as yl. O, consumed/g wet liver/hr, determined 30 min after adding substrate. The experi- 
ments were repeated twice on groups of three guinea-pigs or individually in two cats killed at 
varying periods of time after intravenous (1.v.) or intraperitoneal (1.P.) injection of 10 mg/kg ITH 
or TM6. The presence of active amine oxidase in rat, cat and guinea-pig kidney slices was demon- 
strated histochemically by the technique of Blaschko & Hellmann (1953) and used to determine 
the activity of ITH and TM6 in vivo. 


Inhibitors and inactivation of circulating amines 

Brief infusions of t-adrenaline (1-5ug/kg/min), L-noradrenaline (0-75 yg/kg/min) with ascorbic 
acid 10~, or tyramine (40-80 yg/kg/min) were given to cats anaesthetized with 40 mg/kg pento- 
barbitone sodium. The amine was administered by retrograde infusion into a branch of the anterior 
mesenteric artery until a steady rise in carotid pressure resulted. The infusion was then immediately 
switched to a portal vein cannula and after re-stabilization of the pressure to a cannula in the 
jugular vein. When responses were constant and repeatable ITH was injected intravenously in a 
dose of 20 mg/kg and the tests repeated regularly over a period of 2-3 hr. The method is a modifica- 
tion of Celander & Mellander (1955). 


Inhibitors and excretion of amines 

Cats were anaesthetized with pentobarbitone sodium 40 mg/kg 1.P. and the carotid pressure was 
recorded. Continuous 1.v. infusions of approx. 4ug/kg/min L-adrenaline or 2yug/kg/min L-nor- 
adrenaline stabilized with ascorbic acid 10-* were given for 5 hr; the precise amount was adjusted 
to give a suitable rise in pressure and was measured. Urine was collected from a cannula in the 
urethra into a flask containing 0-5 ml. conc. HCl, surrounded by ice, during and for 1 hr after the 
infusion, and amines were extracted by the following modification of the methods of Pekkarinen & 
Pitk&nen (1955) which are based on the method of Lund (1950) for blood. The urine was brought 
to pH 8-5 with 5x-NaOH and phosphates and sulphates were precipitated by the addition of 
0-2-barium chloride, and centrifuged. Activated aluminium oxide (chromatographic) 4 g/100 m1). 
was added to the filtered supernatant urine, the pH re-adjusted to 8-5, and the mixture poured into 
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a 12 mm glass column constricted and plugged with cotton-wool at the exit. 500 ml. distilled water 
was passed through the column followed quickly by 10 ml. of 0-2 m-sodium acetate. The adsorbent 
was then eluted with 20 ml. of 0-2N-acetic acid followed by 20 ml. distilled water. The total adrena- 
line or noradrenaline content of the original urine was contained in the mixed eluates and was 
determined as follows. For adrenaline a 10 ml. aliquot of eluate was brought to pH 3 by addition 
of s-HCl, 20 mg MnO, was added and it was shaken for exactly 1 min, then quickly filtered. To the 
filtrate was added 1 ml. of 5n-NaOH containing 0-2% ascorbic acid. The resulting fluorescence 
was measured immediately at 500 mu. Blanks prepared without ascorbic acid were read 30 min 
after addition of the alkali and the values subtracted from the amine content as read from standard 
calibration curves. Conjugated amine was estimated after hydrolysis by HCl and boiling for 
20 min or treatment for 2 hr with £-glucuronidase and aryl sulphatase at pH 5-5 and 37° C 
contained in 100 mg of an acetone-dried preparation of limpet viscera (Dodgson & Spencer, 1953). 
Eight cats were used for each control estimation of excretion of L-adrenaline and L-noradrenaline, 
to determine the percentage of the total amine infused which was recoverable and the time rela- 
tions of excretion. Thereafter two groups of seven cats were used each with t-adrenaline and 
t-noradrenaline after treatment with 20 mg/kg ITH 1. 2 hr before and 1 hr after infusion, and 
20 mg/kg TM6 1.r. 1 hr before and 1 hr after infusion. In addition five cats were infused for 3 hr 
with 5-HT 21-25 yug/kg/min and another five cats similarly treated 2 hr after ITH 20 mg/kg 1.P. 
The urine was collected into acid surrounded by ice during and for 3 hr after the infusion and stored 
at -10°C until the content of 5-OH-indoleacetic acid (5-HIAA) was estimated according to 
Udenfriend, Titus & Weissbach (1955). 


RESULTS 
Inhibition of amine oxidase 

In vitro. Table 1 shows the mean results obtained with ITH and TM6 on 
three preparations of acetone-dried guinea-pig liver. The number of trials made 
with each concentration of inhibitor is stated in brackets after the figure 
indicating the percentage inhibition of activity as determined from the con- 
trols. It will be seen that TM6 and IIH are of comparable potency when 
measured in this way with tyramine as substrate. Adrenaline and nor- 
adrenaline as substrates gave similar results. 

In vivo. Since both TM6 and ITH had been found to act as inhibitors of 
amine oxidase when added in vitro, it was decided to examine their effective- 
ness when injected into the living animal. Table 2 shows the effect of prior 
intraperitoneal injection of ITH in a dosage of 10 mg/kg to cats and guinea- 
pigs. Peak activity occurs after 2 hr but there remains a 50% reduction in the 
activity of excised liver from guinea-pigs after 12 hr as measured in the 
Warburg respirometer with tyramine as substrate. The restoration of amine 
oxidase activity in the cat liver was not followed beyond 2 hr for lack of 
materials. In contrast to the previous finding that TM6 and IIH are of 
comparable potencies when added in vitro to the enzyme preparation, it may 
be seen that TM6 is practically inactive when injected in this dose in these 
species. Intravenous injection of the inhibitors did not alter the findings, nor 
the use of adrenaline or noradrenaline as substrate. 

When thick frozen sections of kidney or liver are incubated with tryptamine, 


the endogenous amine oxidase causes production of a brown pigment. Prior 
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incubation with various concentrations of inhibitor for different times may 
modify production of pigment, or one kidney may be removed from an 
anaesthetized animal and used as control on the pigment formation in slices 
from the other kidney excised after dosing the animal for 2 hr with 10 mg/kg 
of ITH or TM6. Incubation after adding substrate was always carried out for 
lhr. Compound TM6 in final concentrations of 10-*, pre-incubated with 
kidney slices for 45 min, failed to inhibit pigment formation in cat or guinea- 
pig, and only partially inhibited it in rats; 10~* had no effect. Injection of TM6 
10 mg/kg by the intravenous or intraperitoneal routes into cats, rats or guinea- 
pigs failed to produce any difference in subsequent pigmentation of slices from 


Tase 1. The percentage reduction of oxygen consumption by an acetone-diied preparation of 
guinea-pig liver (100 mg/ml.) and tyramine (5-208 x 10-*m) used as a substrate after 30 min 
treatment with IL[H or TM6 in concentrations of 10~-*-10-*. The numbers in brackets indicate 
the number of experiments made in each case 


Inhibitor and concentration Inhibition 


(m) (%) 
IIH 10° 100 (5) 
10-4 40-3 (4) 
10-5 11-3 (4) 
TM6 10-° 100 (3) 
10-4 39-3 (7) 
10-5 21-7 (4) 


TaB_e 2. Mean of two estimates of the percentage reduction of amine oxidase activity in fresh 
liver homogenate from groups of three guinea-pigs or two individual cats, measured at varying 
intervals of time after intraperitoneal injection of [LH or TM6 in doses of 10 mg/kg. Control 
values were obtained from twelve guinea-pigs and six cats 


Inhibitor Species lhr 2hr 6hr  12hr 
ITH Cat 75-4 100 
ITH Guinea-pig 88-6 100 83-3 51-9 
TM6 Cat 0 0 
TM6 Guinea-pig 2-5 0 


the controls or treated organs. In contrast, ITH completely inhibited pigment 
formation when incubated with tissue slices at a concentration of 10-* and had 
a considerable effect at 10-* in all three species. Time is necessary for the 
inhibition to develop, a concentration of ITH of 10-* being ineffective if added 
with the substrate to guinea-pig kidney slices but fully effective if added 10 min 
before the substrate; 10-* requires 45 min and 10-* 2hr. Intravenous or 
intraperitoneal injection of 10 mg/kg ITH in cats, rats or guinea-pigs inhibits 
pigment formation in kidney slices taken 2 hr later. Of the two compounds, 
ITH is the more effective in vivo in non-toxic doses and was chiefly relied 
upon as an inhibitor of amine oxidase in further experiments. 
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Inactivation of circulating amines 

Infusions of physiological amounts of adrenaline (1-5yg/kg/min) or noradre- 
naline (0-75yg/kg/min), or of larger amounts of tyramine (40-80yg/kg/min), 
into the anterior mesenteric artery, have little effect on the systemic 
blood pressure, indicating that most of the amine is metabolized or stored in its 
passage through the tissues supplied by the artery. The same amounts given 
via the hepatic portal circulation are more effective though much inactivation 
does occur in the liver. Jugular or other systemic venous infusion produces the 
most marked pressor response. These graded responses to the same rate and 
aose of infusion are shown in Fig. | for t-adrenaline and tyramine. If the acti- 


Fig. 1. Carotid blood pressure of two cats, 2-3 and 2-7 kg weight, pentobarbitone sodium 40 mg/kg 
LP. +, brief infusions; 1, intra-arterial; 2, intraportal; 3, intrajugular; A, of L-adrenaline 
1-5 yg/kg/min and T, of tyramine 40yg/kg/min: between A, and A, and between T, and T,, 
ILH 20 mg/kg acting for 2 hr. Time, 1 min. 


vity of amine oxidase is inhibited by intravenous administration of 20 mg/kg 
ITH and the brief infusions carried on in series until in each case a plateau 
of pressor response is reached, it is found that in the case of infusions of 
L-adrenaline and t-noradrenaline the inhibitor does not alter the pattern of 
responses over a period of two or three hours. When tyramine is infused, the 
response to intra-arterial and intrahepatic portal infusion increases and after 
2hr there is no difference in response by the three routes of administration. 
The contrast between the effect of ITH on the responses to adrenaline and 
tyramine is shown in Fig. 1. Inhibition of amine oxidase in the cat, therefore, 
does not modify pressor responses to adrenaline and noradrenaline but 
markedly affects the response to tyramine. 
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Inhibitors and excretion of amines 

In control experiments different amounts of amine were added to varying 
volumes of cat urine, subjected to the extraction process and estimated 
fluorimetrically. Recovery of t-adrenaline in ten trials was 96-100-3°%, 
(average 98-4) and of t-noradrenaline 92~115% (average 98-3). No correction 
was applied to the subsequent experimental findings. No detectable amounts 
of free or conjugated amine were found in the urine produced by anaesthetized 
cats infused with saline. But when amine was added to the infusion small 
amounts were recovered, as shown in Table 3; the average amount was 2-54 °%, 
for adrenaline and 3-7, for noradrenaline. Variation in the rate of infusion 
within the limits imposed by the cardiovascular response has no effect on the 
percentage excretion of free amine. In only two of the urines from sixteen 
cats investigated was a minute amount of conjugated amine found (0-4%, of 
L-noradrenaline and 0-5°%, of t-adrenaline). The bulk of these amines which 
appears in free form is excreted within the period of the infusion and 1 hr there- 
after. This fact was established by collecting urine for various prolonged periods 
after the infusions ceased and estimating the amine in the samples. 5-HT 
may be infused in larger amounts (25yug/kg/min) for shorter periods and 
produces a fall in carotid blood pressure. The metabolic state may be deter- 
mined by estimation of 5-HIAA in the urine; some 52% appeared thus 
within 3 hr. Intravenous injection of 20 mg/kg of ITH or TM6 did not cause 
an excretion of free adrenaline or noradrenaline in the urine of cats infused 
with saline. After ITH the percentage of infused adrenaline excreted as free 
adrenaline rose to 5:2 and of infused L-noradrenaline excreted as free amine to 
5-4, a statistically significant rise, whereas the excretion of infused 5-HT as 
5-HIAA fell from 52 to 18% as shown in Table 3. After TM6 20 mg/kg there 
was no significant alteration in the output of free amine. This compound was 
not used in the experiments with excretion of 5-HIAA after infusion of 5-HT. 
The use of ITH or TM6 had no effect on excretion of conjugated amine: this 
was only detected to the extent of 0-4 and 0-7 % in the urine of two cats infused 
with adrenaline and given TM6, and not at all after ITH or noradrenaline in 
the treated series. 

Infusion of L-adrenaline at a rate of 4y.g/kg/min causes a rise in carotid 
pressure which is maintained for about 15 min and slowly returns to normal 
after about 1 hr, despite maintenance of the infusion at a steady rate, and may 
fall below the initial level. With noradrenaline in half this amount the rise is 
quicker and greater, the plateau is maintained for about an hour at a level less 
than that which was first attained and the return to, but not below, the initial 
level takes about 4 hr. With both amines the pattern of response may then be 
repeated by increasing the rate of infusion. 
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Taper 3. Recovery (%) of free urinary L-adrenaline and t-noradrenaline and of 5-HIAA in cats 
anaesthetized with pentobarbitone sodium 40 mg/kg and infused with L-adrenaline, L-nor- 
adrenaline or serotonin; and the effect of 20 mg/kg of IIH and TM6 a 
Adrenaline Noradrenaline Serotonin | 
‘Rate of Recovery of "Rate of Reco of ‘Rate of Recovery of 
? infusion free amine infusion Pept infusion 5-HIAA 
(ug/kg/min) (%) (ug/kg/min) (%) (ug/kg/min) (%) 
Controls 
4-1 1-9 2-2 31 25:1 42-5 
1-4 1-6 1-5 4-3 21-9 46-7 
70 3-1 2-4 3-2 24-1 57-7 
6-4 2-2 1-25 41 23-1 61-2 
45 2-9 2-7 3-8 23-5 54:3 
8-5 2-3 20 3-7 
3-4 4-0 1-8 3-4 
40 23 2-0 3-9 — 
Mean + 8.5. 2-54+40-27 3-7+0°15 52-484 3-79 
ILH 20 mg/kg 
4-9 4-6 2-1 5:8 23-1 32-5 
4-2 4-0 2-7 5-7 23-7 16-1 
| 45 5:4 2-2 4-4 26-2 12-3 
) 4-0 4-9 2-2 6-2 22-7 11-7. 
5-7 6-6 18 3-8 24-1 17-4 
40 5-7 2-4 5-9 
4-2 53 1-9 6-1 — _ 
Mean +} 8.8. 5-2+0-31 5-440-35 18-04 4-23 
t t =—461 t =1-16 
P<0-001 P <0-001 P<0-001 
TM6 20 mg/kg 
5-9 4-4 1-7 3-1 
3-7 41 2-0 2-0 
4-2 2-3 2-2 1:8 
5-0 19 2-2 1-7 
4-0 3-5 1-7. 23 
4-0 2-7 2-0 4-7 — 
4-5 2-1 2-0 41 — — 
Mean 3-0+0-38 2-64+0-35 
0-4>P>0-3 0-1>P>0-05 
DISCUSSION 


The preliminary experiments on the efficacy of ITH as an inhibitor of amine 
oxidase activity confirm the findings of Zeller & Barsky (1952) and Zeller et al. 
(1955). There appears to be a species difference between rats and guinea-pigs in 
the rate of recovery of amine oxidase, the latter workers having shown that 
after 9 mg/kg subcutaneously activity in rat liver is still only 50% after 
3 days, whereas we found the same degree of recovery in guinea-pigs with a 
similar dose after 12 hr. The finding of Brown & Hey (1956), that choline-p- 
toly] ether bromide is an inhibitor of amine oxidase activity when added tn vitro 
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to liver slices, is confirmed by the more conventional method of addition to 
homogenate in the respirometer vessel but not when it is added in a concentra- 
tion of 10-* for 45 min to slices and substrate for formation of pigment. When 
injected in vivo in the doses used (10 mg/kg) this compound was found to be 
ineffective as an inhibitor by two methods—activity of liver homogenate in the 
respirometer and pigmentation of kidney and liver slices—in cat, rat and 
guinea-pig. This finding suggests that the inhibition of amine oxidase exerted 
by TM6 may be readily reversible in these species, whereas that exerted by 
ITH isnot: thisis illustrated in Table 2. Schayer et al. (1954) gave 50-200. mg/kg 
subcutaneously to mice and 2~—10 mg/kg subcutaneously to rats for 30 min 
and obtained alterations in the pattern of metabolites excreted after admini- 
stration of tryptamine labelled with isotopic carbon. They interpret this as 
evidence of the inhibition of amine oxidase by TM6 and the significant role 
played by the enzyme in catabolism of monoamines. The higher doses given to 
mice approach the toxic level. Only the upper level of dosage appears to be 
effective (Schayer, 1953), which implies a marked species difference between 
the mouse and the rat in the effectiveness of this compound, The anomalous 
feature appears to us to be that in the many reports by Schayer and his 
colleagues of careful and exhaustive studies with isotopically labelled 
sympathomimetic amines, TM6 appears to have given similar results to IIH 
on the few occasions on which it was used in mice and rats. Nevertheless, it 
seems to us desirable that the activity of an inhibitor should be checked by as 
many means as possible, and in several species, before its action is relied upon 
in interpreting important findings. On these grounds we consider that work 
with TM6 is of less value than work with ITH. 

A number of workers have shown that inhibition of amine oxidase by ITH 
does not affect the actions of adrenaline on various test organs but that those 
of tyramine are potentiated (Griesemer, Barsky, Dragstedt, Wells & Zeller, 
1953; Furchgott, Weinstein, Huebl, Bozorgmehri & Mensendiek, 1955). This 
finding has been confirmed and extended to include noradrenaline which 
behaves like adrenaline. If the actions of one substance (tyramine) known to 
be a substrate of a particular enzyme (amine oxidase) in vitro is potentiated by 
the inhibition of that enzyme in vivo (by ITH) then the actions of other sub- 
strates (adrenaline and noradrenaline) should also be potentiated. That this is 
found not to be so in the experiment of Celander & Mellander (1955) indicates 
that the inactivation of these two amines in the cat is either but little depen- 
dent on amine oxidase activity or that some other mechanism can take over 
disposal of these amines but not of tyramine when this enzyme is inhibited. 
The difference in response to adrenaline and noradrenaline and to tyramine 
after I[H has only been reported and illustrated for one technique but was 
confirmed on other preparations. 

Unfortunately no method could be devised for estimating tyramine excreted 
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in urine, and therefore 5-HT estimated as its end product 5-HIAA was 
substituted in the excretion studies. The recovery of 52% of the amount 
infused is higher than the amounts reported by Erspamer (1954), though the 
intra venous route increases the output and there is marked species difference, 
the cat not being mentioned in this part of his review. The output of free 
adrenaline and noradrenaline agrees with the figures provided by von Euler & 
Zetterstrém (1955) in human beings. The absence of conjugation products of 
these two amines after exogenous administration confirms the findings of 
Schayer (1951) and von Euler & Zetterstrém (1955) among others, although it 
has been shown to be a route of excretion for endogenous adrenaline and 
noradrenaline in humans (von Euler, Hellner-Bjérkman & Orwen, 1955). It 
may be that the technique of hydrolysis used by us was not powerful enough, 
especially if an amine glucuronide was present. The limpet enzyme may not act 
on conjugates of adrenaline and noradrenaline, but it seems improbable that 
conjugation is of any significance in the catabolism of injected amines or that 
inhibition of amine oxidase causes this route to become important. The excre- 
tion studies demonstrated the inactivity of TM6 in modifying the excretion of 
adrenaline and noradrenaline in the cat in the doses given, which is in agree- 

ment with the findings on amine oxidase activity in liver and kidney but differs 
from Schayer’s result in the rat. 

In conclusion we have demonstrated the superiority of ITH over TM6 as an 
inhibitor of amine oxidase in vivo. Using effective doses of ITH we have found 
that the pressor response to adrenaline and noradrenaline infused by several 
‘toutes is not affected by inhibition of the enzyme, while that of tyramine is. 
Balzer & Holtz (1956) also found that ITH increases responses to tyramine 
injected intravenously. Further, the excretion of infused adrenaline and 
noradrenaline in urine as free amine is doubled (Corne, 1956) but the amounts 
so affected are very small and 95°, remains unaccounted for, whereas the 
excretion of 5-HT metabolites is profoundly affected. We suggest, therefore, 
that amine oxidase only plays a minor part in the disposal of circulating adrena- 
line and noradrenaline. 


SUMMARY 
1. Choline-p-tolyl ether bromide (TM6) and 1-tsonicotinyl-2-isopropy! 
hydrazine (IIH) are effective inhibitors of amine oxidase in liver when added to 
it in vitro. 
2. ITH in a dose of 10-20 mg/kg is completely effective two hours after 
injection in inhibiting liver and kidney amine oxidase in the rat, cat and 
guinea-pig as examined by respirometry of homogenate and pigmentation of 
slices. 
3. TM6 in the same amounts is not effective in these species when examined 
by these techniques. 
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4. Inhibition of amine oxidase in the cat with ITH alters the pattern of 
pressor responses to tyramine infused intra-arterially, intraportally and intra- 
venously but not the responses to adrenaline or noradrenaline. 

5. Inhibition of amine oxidase in the cat with ITH raises the urinary excre- 
tion of free adrenaline from 2-5 to 5-2°% and of noradrenaline from 3-7 to 
5-4°%%. No conjugation was observed. 

6. The excretion of 5-hydroxy-indoleacetic acid resulting from infusion of 
5-HT in cats fell from 52 to 18% after similar treatment with ITH. 

7. These findings are interpreted as indicating a more significant role for 
amine oxidase in the catabolism of such amines as 5-HT and tyramine than 
adrenaline and noradrenaline when they are administered into the circulation 
of cats. 


This work was performed while one of us (8.J.C) was in receipt of an Educational Grant from 
the Pharmaceutical Society of Great Britain. 
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PAIN-PRODUCING SUBSTANCE IN HUMAN INFLAMMATORY 
EXUDATES AND PLASMA: 


By DESIREE ARMSTRONG, J. B. JEPSON, C. A. KEELE 
anp J. W. STEWART 


From the Middlesex Hospital Medical School, London, W. 1 
(Received 30 August 1956) 


We have previously reported the occurrence of a pain-producing agent in the 
fluid removed from a cantharidin blister (Armstrong, Dry, Keele & Markham, 
1953). In the present paper we shall show that fluids from other kinds of blister, 
and human inflammatory exudates such as the joint fluid in rheumatoid arth- 
ritis, pleural effusion and hydrocoele fluid can also cause pain. The presence 
of the pain-producing substance is due to the mode of collection, and it is 
possible to obtain these fluids in an inactive state by preventing contact with 
glass. In 1953 we reported that plasma did not produce pain but it will be shown 
here that plasma does in fact develop labile pain-producing activity when 
collected and kept in a glass syringe. When blood or an inflammatory exudate 
is collected into a siliconed syringe and transferred to polythene vessels very 
little activity develops within one hour. 

With regard to the nature of the pain-producing substance, we had originally 
thought that the substance in blister fluid might be 5-hydroxytryptamine 
(5-HT). However, further work on both pain production and on the responses 
of the isolated rat uterus shows that the active agent is not 5-HT, but that it is 
probably a polypeptide resembling bradykinin in its actions. 

The findings here presented were the subject of short communications by 
Armstrong, Hobbiger, Jepson & Keele (1953); Argent, Armstrong, Jepson, 
Keele & Phillips (1954); Armstrong, Keele, Jepson & Stewart (1954); Arm- 
strong, Jepson, Keele & Stewart (1955); and Jepson, Armstrong, Keele & 
Stewart (1956). 

METHODS 

Pain-producing activity of inflammatory exudates was estimated by the method described in 

detail by Armstrong, Dry et al. (1953). The exudates (about 0-2 ml.) were applied to the exposed 


base of a cantharidin blister and a subjective estimate of pain was recorded on a moving smoked 
drum 


Uterus-stimulating activity of inflammatory exudates was measured on the isolated rat uterus. 
The uterus was suspended in an isolated organ bath of 5 or 30 ml. capacity. The bath fluid had the 
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following composition : NaCl 9-2, KCl 0-42, CaCl, 0-06, glucose 1-0 g/l.; NaHCO, to give pH 7-5-8-0; 
the temperature was kept at 25-30° C; 100% O, was bubbled through the bath. The volume of 
test fluid added to the bath ranged from 0-02 to 2 ml. Since the response was relatively independent 
of the volume ger se, solutions of widely differing potency could be readily compared without 
prior dilution. Early in our work we had found that dilution of exudates or plasma increased their 
apparent activity (see Discussion, also Schachter, 1956). 

Activity was measured in two ways; (i) by the height of contraction recorded on the drum, or 
(ii) by the latent period between administration of the fluid to be tested and the onset of contrac- 
tion (D. Armstrong, C. A, Keele & C. W. M. Wilson, Communication to British Pharmacological 
Society, July 1955). For a given substance, the shorter the latent period the greater is the activity. 
Measurement of the latent period is particularly useful when dealing with a wide range of activities, 
as when studying activation by glass. With fluids of low potency, 2 ml. may be required to elicit a 
response, but with those of high potency the smallest measurable volume (0-02 ml.) may cause a 
contraction so great as to take the lever off the drum. In the latter circumstances the latent period 
is the only measure of potency. The shape of the response, and the relation between height of 
response and latent period, can give further information concerning the constitution of the 
solutions (see, for example, Fig. 17). This aspect is not further discussed in this paper. Administra- 
tions were usually made at 4 min intervals, the test solutions being left in contact with the tissue 
for periods varying from 30 sec to 2 min but kept constant during any given experiment. 

When there is no response during the period of contact there is frequently a contraction during 
the process of washing out. The height of these “wash kicks’ seems to be proportional to the amount 
of ‘sub-threshold activity’ present in the solutions. 

In our early experiments, before we were aware of the activation induced by glass, inflammatory 
exudates were collected into glass syringes. The fluids were then rapidly transferred to cooled glass 
tubes and placed in a vacuum flask containing solid CO,, in which they retained their activity for a 
few weeks. Whole blood was collected into cooled glass syringes containing 25 u. heparin/ml. 
blood. Plasma was separated by centrifuging at 3000 rev/min for 7 min. In some experiments 
sodium citrate (3 mg/ml. final concen.) or Heller and Paul’s oxalate mixture (2 mg/ml. final concn.) 
was used as an anticoagulant instead of heparin. 

In later experiments we avoided the activation of blister fluid and blood by glass, by collecting 
these fluids into cooled siliconed syringes. Blood taken in this way, with or without anticoagulant, 
was transferred to cooled polythene tubes and centrifuged at 3000 rev/min for 15-30 min. The 
procedure previously described (Armstrong et al. 1954), in which the blood was collected through 
a cooling coil, is an unnecessary refinement. In order to avoid contamination with leucocytes and 
platelets only the top half of the plasma layer was removed, using a siliconed syringe and needle. 
[In this way we obtained what we call ‘preactive’, cell-poor plasma, containing only an occasional 
leucocyte and <800 platelets/mm*. 

Active amines were used as the following salts but doses are expressed as free bases: 5-hydroxy- 
tryptamine creatinine sulphate, dihydroergotamine methanesulphonate, histamine dihydro- 
chloride; adenosine triphosphate (ATP) was used and expressed as the disodium salt. Bradykinin 
was made by the action of B. jararaca venom on bovine plasma globulins and purified to the ‘PPM 
stage’ (Rocha e Silva, 1955); angiotonin was a lyophilized sample, prepared by the action of hog 
renin on horse globulin, 10 u./mg (Page, 1955). 

Alcoholic extract of plasma was made by adding 1 vol. plasma to 2 vol. boiling absolute ethanol 
and continuing to reflux on a boiling water-bath for 5 min. The mixture was cooled, the pre- 
cipitated denatured proteins removed and washed by centrifugation, and the combined supernatant 
and washings evaporated to dryness under a water-pump vacuum at less than 70° C. The gummy 
alcoholic extract was dissolved in water to the volume of the plasma from which it was derived, 
and stored in polythene containers at - 10° C. 

Protein-free aqueous extract of plasma was made by adding 1 vol. plasma to 3 vol. hot modified 
Locke’s solution (pH 7-2) contained in a centrifuge tube immersed in a boiling water-bath. The 
* heating was continued for 10 min with frequent stirring, some protein coagulation occurring during 
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this time. The mixture was cooled, adjusted to pH 5 by the addition of 2N-acetic acid (about 
0-1 ml./ml. of plasma), and centrifuged. The protein-free supernatant was brought to pH 7:2 by 
the addition of 2x-Na,CO,, and was then ready for immediate testing or for indefinite storage at 
- 10° C. Such an extract represents a fourfold dilution of the parent plasma. 


RESULTS 


The resemblance between the pain-producing properties of blister fluid and 
those of 5-HT led us to study the action of blister fluid on the isolated rat 
uterus, an organ known to be particularly sensitive to 5-HT (Erspamer, 1954). 


Application of blister fluid to the isolated rat uterus produced a contraction _ 


similar to that evoked by 5-HT (Fig. 1). Evidence will, however, be presented 
later to show that the active agent in blister fluid is not 5-HT. 


S-HT 5-HT SAT OS-HT 
02 07 03 03 
mt 


Fig. 1. Isolated rat uterus. Contractions in response to 5-hydroxytryptamine (5-HT) and 
to fluid from a burn blister (BBF); volume of bath, 30 ml. 


Since the isolated rat uterus would be much more convenient than the 
human blister area for repeated tests on pathological fluids and their deriva- 
tives, the following experiments were performed to find out how far uterus- 
stimulating activity is correlated with pain-producing activity. 

In Fig. 2 the effects of applying fluid from a cantharidin blister to an exposed 
blister base and to an isolated rat uterus are shown. At 20 sec after aspiration 
of the blister fluid into glass, application of this fluid to a previously prepared 
blister base produced no pain, and simultaneous addition of 0-1 ml. of this 
fluid to the uterus bath produced no contraction. However, at 6 min after 
aspiration, 0-05 ml, of blister fluid produced a good contraction of the uterus, 
and at 20 min after aspiration application to the blister base produced the 
characteristic pain previously described (Armstrong, Dry et al. 1953). Thus 
immediately after withdrawal into a glass syringe, blister fluid possesses 


neither pain-producing nor uterus-stimulating activity, but both types of 


activity quickly develop. 
During the decay of pain-producing activity in ageing blister fluids (Arm- 


strong, Hobbiger et al, 1953), the uterine response correspondingly decreases. ° 
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Fig. 3 shows the pain and uterine responses to fluid aspirated from a burn 
blister. The fluid was withdrawn into a glass syringe and speedily transferred 
to a glass tube immersed in solid CO,. In this experiment some of the deep- 
frozen blister fluid was brought to room temperature and tested at varying 
intervals after melting. The upper record (Fig. 3a) shows the pain response. At 
5 min after melting the blister fluid produced ‘very severe’ pain, but another 
sample of the same blister fluid which had been kept at room temperature for 
1} hr produced no pain at all. The lower record (Fig. 3b) shows the responses 
of the rat’s uterus to blister fluid applied at intervals after the fluid was 
melted. The response to 0-1 ml. fluid had disappeared at 40-50 min, and the 


ACh | CBF 5-HT 5-HT CBF CBF 
10°* at 20 min 5x10% 2x107 at 22sec at 6min 
g/ml. giml. g/ml. 005mi. 


Fig. 2. Development of psin-producing and uterus-stimulating activity in cantharidin blister 
fluid, CBF. Two cantharidin blisters had been raised, one on each forearm; one was opened 
and prepared for testing; fluid from the other was aspirated into a tuberculin glass syringe and 
tested on the exposed blister base at 20 sec and 20 min, and on the isolated rat uterus at 
20 sec and 6 min after aspiration. a, pain: the ordinate shows the subjective estimate of pain 
as described by Armstrong, Dry ef al. (1953). 6, responses of isolated rat uterus; vol. of bath, 
30 ml. 


-Tesponse to freshly thawed blister fluid showed that these diminishing 


responses were not due to developing refractoriness of the uterus. Thus 
Figs. 2 and 3 show that freshly collected blister fluid is inactive when first 
drawn into a glass syringe, that in a few minutes pain-producing and uterus- 
stimulating activities develop, reach a peak and then quickly decline. These 
findings agree with our previous report that blister fluid almost invariably 
produces pain when tested within 1 hr of aspiration, but very rarely after this 
time (Armstrong, Dry ef al. 1953). Fluid from blisters which had developed 
after insect bites was activated and decayed in the same way as cantharidin 
and burn blister fluids. 


Other inflammatory exudates 
Joint fluid in rheumatoid arthritis. Fluid aspirated from the knee joint in 
paticnts with rheumatoid arthritis was activated by glass and decayed in the 
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same way as blister fluids, with similar correlation between pain and uterine 
response. In Fig. 4, the first record (Fig. 4a) shows the pain response to active 
fluid and the second record (Fig. 46) shows uterine contraction with decay of 
activity during a 40 min period, 


te. 

RL. ACh Burn blister fluid 
25 x10 x y 

giml. t=1-5 t=5 win. 


Burn blister fluid, 01 mi. 
t=0 10 20 40 SOmin ‘t=0° 


Fig. 3. Decay of pain-producing and uterus-stimulating activity in burn blister fluid: the fluid 
was withdrawn into a glass syringe and transferred as quickly as possible to glass tubes 
immersed in solid CO, in a vacuum flask; later, samples of deep-frozen blister fluid were 
brought to room temperature and tested at varying intervals after melting. a, pain record; 
at z blister fluid was applied 14 br after melting, at y 5 min after melting; the active fluid was 
applied after the inactive, so that the reduction at 1} hr could not be attributed to refractori- 
ness of the blister area produced by the large 5 min response. }, isolated rat uterus: vol. of 
bath, 30 ml.; responses to 0-1 ml. of burn blister fluid at the indicated intervals after melting ; 
the final application was of freshly melted fluid (‘t =0’). 


Pleural effusion. Fig. 5a shows the pain response to application of fluid 
from an inflammatory pleural effusion collected in a glass syringe, and Fig. 55 
shows that the activity on the rat uterus decays rapidly. 

Hydrocoele and protein-rich ascitic fluids behaved similarly to the other 
inflammatory exudates. 

Thus, inflammatory exudates of different origins are all activated in glass to 
form a pain-producing, uterus-stimulating substance, which for convenience 
we refer to as PPS (pain-producing substance). Inflammatory exudates usually 


contain 4 


gen. In 


with car 


contact 


or stim 
that, lil 

23 


q 

Fig. 4. Ps 
The 
b, ise 
of joi 
) 
4 1 
Fig. 5. 
desct 

vol, 
volu 
Since 
behavic 
withdre 
manner 
pain, b 
produc 


} 


PAIN-PRODUCING SUBSTANCE IN PLASMA 355 


contain 4-5 % protein, comprising albumin and globulin but little or no fibrino- 

gen. In contrast to exudates, a transudate such as oedema fiuid from a patient 

with cardiac failure (the fluid contained 0-6 % protein) produced no pain after 
contact with glass. 


4 
t=O 1% 24 32 40min ‘t=0’ 
mi. 007 035 035 007 
Fig. 4. Pain and uterine responses to fluid from knee joint of a patient with rheumatoid arthritis. 
The fluid was collected, stored and tested as described in the legend of Fig. 3. a, pain 
response; latent period between application of fluid to blister area and onset of pain = 25 sec; 
6, isolated rat uterus; vol. of bath =30 ml.; the decay in response at intervals after melting 
of joint fluid. 


ACh Pleural Pleural effusion 
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Fig. 5. Pain and uterine responses to inflammatory pleural fluid, collected, stored and tested as 
described in legend of Fig. 3. a, pain response, latent period = 24 sec; 5, isolated rat uterus; 
vol, of bath = 30 ml.; the decay in response to 0-05 ml. of fluid after melting is seen; larger 
volumes of fluid are still active up to 54 min. after melting. 


Blood and plasma 
_ Since inflammatory exudates are formed from blood we have studied the 
behaviour of the latter on removal from the body. Human whole blood, when 
withdrawn into a glass syringe containing heparin, is activated in a similar 
manner to the exudates. Fig. 6 shows that freshly drawn blood did not produce 
pain, but the plasma obtained after centrifuging for 7 min in a glass tube 
produced ‘severe’ pain. 
Activation by glass 
The finding that inflammatory exudates and whole blood do not aides pain 
or stimulate the rat uterus immediately after removal from the body suggests 
that, like blood clotting, the activity is initiated by contact with glass. When 
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blood, blister fluid or exudate is drawn into a well-siliconed syringe containing 
heparin, activation occurs only very slowly, and even at the end of one hour 
the activity is much less than that which develops so rapidly in glass. Transfer 
of such ‘preactive’ fluids to polythene containers does not induce activity. 
‘Preactive’ blood can be centrifuged in polythene tubes to obtain ‘preactive’ 
plasma. When these ‘preactive’ fluids are transferred to glass, pain-producing 
and uterus-stimulating activities develop exactly as described for fluids wit)h- 
drawn directly into glass (Fig. 7). Because clotting occurs so slowly in poly- 
thene vessels it was possible to prepare ‘preactive’ plasma without an anti- 
coagulant. It is, of course, more convenient to use an anticoagulant to prevent 
the clotting which occurs so rapidly on transfer to glass. In general, we have 
used heparin 25 u./ml., having shown that even 20 times this amount (500 u./ 
ml.) did not affect the glass activation. Likewise sodium cityate (3 mg/ml.) or 
oxalate (2 mg/ml.) did not influence activation by glass. 


PAP. 


Plasma 
at 2min at 7 min 
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Fig. 6 
Fig. 6. Pain response to heparinized whole blood and its separated plasma. Blood was withdrawn 
into a glass syringe containing heparin and centrifuged in a glass tube at 3000 rev/min; 
freshly drawn blood tested after 2 min produced no pain; plasma after 7 min centrifugation 
produced severe pain. RL = Ringer-Locke’s solution. 
Fig. 7. Activation of ‘preactive’ cell-poor plasma by glass (see text): a, pain; (1) application of 
‘preactive’ plasma; (2) application of plasma after 7 min contact with glass; P.A.P. = 
‘ preactive plasma’; 5, isolated rat uterus; (1) application of 0-2 ml. P.A.P.; (2) application of 
0-1 ml. of plasma after 7 min in contact with glass. 


When ‘preactive’ plasma without anticoagulant is transferred from poly- 
thene to glass, PPS can be detected some time before visible clotting occurs. In 
one experiment uterus-stimulating activity had developed significantly within 
3 min, whereas clotting did not occur till 6 min after the plasma was put into 
glass..When ‘preactive’ plasma without anticoagulant was put into polythene 
tubes clotting eventually occurred. The serum which formed had little action 
on the uterus until it was brought into contact with glass (Fig. 8). 

Effect of soya bean trypsin inhibitor (SBTI): When crystalline SBTI, in solid 
form or as a concentrated solution, was present in the glass vessel before 
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‘preactive’ plasma was added, no activation occurred. The minimum concen- 
tration of inhibitor for prevention of detectable activation was 50yg/ml., 
which was not sufficient to prevent clotting in plasma without anticoagulant. 
In general, 100ug/ml, was used (Fig. 9). 


Fig. 8. Response of isolated rat uterus (in 5 ml. bath) to serum formed after clotting of blood in 
polythene; G5, serum after 5 min in glass; note that after 5 min in glass 0-05 ml. of serum 
produced a much larger contraction than 0-2 ml. of serum kept in polythene. 

Fig. 9. Effect of soya bean trypsin inhibitor (SBT1) on activation of plasma by glass: isolated rat 
uterus; vol. of bath =5 ml.; C, control plasma after 3 min contact with glass; T, test plasma 
containing SBTI 100yug/ml., after 3 min contact with glass; BK, bovine bradykinin. 


Effect of other surfaces 

The addition of glass in the form of beads or powder to ‘preactive’ 
plasma stored in polythene caused activation, the rate of activation increasing 
with the area of glass surface presented to the plasma. Soda or borosilicate 
glass were equally effective. Glass syringes or glass vessels heavily coated with 
silicone fluid (M.S. 550) could be used to maintain plasma in the preactive state 
for at least an hour. If plasma in polythene was over-layered with liquid 
paraffin, or under-layered with mercury, there was no obvious activation, and 
no alteration in the subsequent activation by glass. Stainless steel, cellophane, 
nylon, rubber and polyvinylchloride induced slight to moderate uterus- 
stimulating activity, in no way comparable to that induced by glass. Plasma 
remained ‘preactive’ when kept in contact with ‘biological’ surfaces such as 
freshly isolated human carotid vessels, human vena cava, and rat heart. 
Activity in plasma kept in polythene. When blood is collected in a siliconed 
syringe and centrifuged in polythene tubes containing heparin, ‘preactive’ 
plasma can be removed, kept on ice, and is then available for studies on activat- 
ing mechanisms for 1-2 hr. Actually, ‘preactive’ plasma is not completely 
inert, but its activity at first is only 1-2%, of that detected at the peak of glass 
activation, and when 0-1 or 0-2 ml. is added to a 5 ml. organ-bath no contrac- 
tion of the isolated rat uterus occurs during 1-2 min. Fig. 10 shows a to 
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different volumes of ‘preactive’ plasma tested about 1 hr after withdrawal of 
the blood. 0-5 ml. ‘preactive’ plasma produced a smaller contraction with a 
longer latent period than 0-05 ml. glass-activated plasma at 5 min [responses 
b and c]; 0-2 ml. ‘preactive’ plasma produced no contraction [responses a and 
d}, while 0-01 ml. 5 min glass-activated plasma produced a moderate contrac- 
tion [response e]. Thus after 1 hr, when slight activation is to be expected even 
in polythene, the ‘ preactive’ plasma had less than one-twentieth of the activity 


Preactive G5 Preactive G5 Preactive 
mi. 05 005 O2 O01 02 
Latent 50 30 £15 28 
a »b e f 
Fig. 10 Fig. 11 


Fig. 10. Effect of ‘preactive’ plasma on isolated rat uterus; 5 ml. bath: ‘preactive’ plasma was 
obtained from blood collected into a siliconed syringe and transferred to polythene tubcs 
containing heparin; the plasma had been separated 1 hr before this experiment began; G5 
and G10, samples which had been 5 and 10 min in glass; samples a—e were left in the bath for 
14 min; sample f for 74 min; latent period between administration and onset of contraction. 


Fig. 11. Development and decay of PPS in human plasma; isolated rat uterus, 5 ml. bath: 
3 ml. of ‘preactive’ plasma in polythene was transferred to a glass specimen tube; P.A.P. 
‘preactive’ plasma; G3, etc., time in min after transfer to glass. 


which developed in glass in 5 min, The last application of 0-2 ml. of ‘preactive’ 
plasma [application f] was kept in the bath for 7} min, instead of the usual 
1} min. The response was very delayed, and at first small, the increasing 
activity being due either to contact with the glass bath or to the effect of 
dilution (Schachter, 1956) ; uterine contraction equivalent to response e did not 
appear till after 5 min. After 2 hr the activity of plasma kept in polythene has 
usually increased to a degree which makes the study of further activation by 
other mechanisms difficult. 
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Development and decay of activity when ‘preactive’ plasma 
ts transferred to glass 

Fresh ‘preactive’ plasma has been used for the study of the development 
and decay of activity induced by glass. 

Development. When 2-3 ml. of ‘preactive’ plasma are transferred from a 
polythene container to a 25 ml., 1 in. diameter, glass specimen tube and kept at 
18-20° C, with occasional swirling, activity as measured on the rat uterus 
builds up to a peak in 5-8 min (Fig. 11). The attainment of this peak can be 
hastened by increasing the area of contact between plasma and glass, e.g. by 
the addition of glass beads. 

Decay. Immediately after the peak, activity begins to decay (Fig. 11); 50% 
of the activity has decayed by about 10 min after the peak is reached, 70% 
by about 30 min, and more than 90% by the end of 1 hr. Activity does not 
entirely disappear and the minimum level in decayed plasma is aqemewhat 
higher than the basal level of ‘ preactive’ plasma. 


PAP.GAP.P4 GB P12G1 
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Fig. 12 Fig. 13 
‘Fig. 12. Decay of activity of glass-activated human plasma in polythene; plasma was activated in 
glass for 3 min (G.A.P.); half the sample was then transferred to a polythene vessel, the other 
half to a fresh glass tube: P, time in min after transfer to polythene; G, time after transfer 


to fresh glass. In this experiment the plasma was left in the bath for 45 sec only, so that 
repeated applications could be made at short intervals. 

Fig. 13. Decay of glass-activated human plasma in presence of soya bean trypsin inhibitor; — 
isolated rat uterus, 5 ml. bath: glass-activated plasma was transferred to two glass specimen 
tubes, one of which contained soya bean trypsin inhibitor (final concn. 100 ug/ml.) ; C, control; 
I, plasma and inhibitor; 0-1 ml. of plasma added in each application. 


Decay of glass-activated plasma in polythene. Fig. 12 shows that when glass- 
activated human plasma was transferred to polythene, activity decayed more 
quickly than when the plasma was kept all the time in glass. 

Soya bean trypsin inhibitor and decay. When soya bean trypsin inhibitor 
(100.g/ml.) was added to plasma in glass at the peak of activity the rate of 
decay was enhanced as compared with the control plasma to which no inhibi- 
tor had been added (Fig. 13). Soya bean trypsin inhibitor was added to glass- 
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activated plasma at peak and the sample transferred to a polythene container. 
In this case the rate of decay of activity was the same as that of the control 


plasma to which no inhibitor had been added. 


Nature of ‘Pain-Producing Substance’ (PPS) 

We have studied the nature of PPS by comparing its properties with those of 
the naturally occurring substances ACh, potassium, histamine, ATP, 5-HT, 
bradykinin and angiotonin (hypertensin). 

Acetylcholine. On the rat uterus atropine antagonized the action of ACh, but 
not that of PPS. 

Potassium in high concentrations (e.g. 1 mg/ml. in the bath) produced 
immediate contraction of the rat uterus. The amount of K+ in the administered 
plasma or exudates could not produce this effect. 

Histamine differed from PPS in that it did not cause contraction of the rat 
uterus. The stimulant action of PPS on the guinea-pig ileum was not antago- 
nized by mepyramine. 

Disodium adenosine triphosphate (ATP), 100ug/ml. produced pain with the 
short latent period of 10 sec (Fig. 14a). ATP also stimulated the isolated rat 


Cc ATP ACh ATP 
g/mi. 5x105> 10° 10° 10° 25x10° 10°° 
Latent 3 27 10 23 


(sec.) 


mi. 01 01 003 005 004 
Fig. 14. Actions of ATP on pain and isolated rat uterus: a, pain response; b, isolated rat uterus 
in 30 ml. bath; BBF, burn blister fluid; IBF, insect bite blister fluid; the blister fluids had 
been deep-frozen and were thawed just before application. 
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uterus, but the type of contraction and the dose-response relationship differed 
from those of PPS (Fig. 14 5). 

5-hydrowytryptamine. Both 5-HT and PPS produced contraction of the rat 
uterus, but whereas 5-HT was readily antagonized by dihydroergotamine 
(DHE) and lysergic acid diethylamide (LSD) (Gaddum & Hameed, 1954), 
PPS was not (Fig. 15). 95% acetone extracts 5-HT from serum (Amin et al. 
1954). When this procedure was used on active blister fluid at 0° C, PPS was 
found with the precipitated proteins, though added 5-HT was recovered in the 
acetone. 


5-HT S-HT S-HT BBF JF S-HT S.HT S-HT JF SHY 
£ 25407 274510 
74407 25407 25.10% 
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5-HT 
3-107 3107 10% Sxt0* 10° 
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Fig. 15. Effects of dihydroergotamine (DHE) and lysergic acid diethylamide (LSD) on the response 
of the isolated rat uterus to 5-HT and to blister and joint fluids: 2a, DHE (1g/ml.) markedly 
inhibited responses to 5-HT with negligible effects on responses to burn blister fluid (BBF) 
and to joint fluid from a patient with rheumatoid arthritis (JF); b, LSD (100 ng/ml.) markedly 
inhibited responses to 5-HT with negligible effect on response to burn blister fluid (BBF). 


Bradykinin and angiotonin (hypertensin) are made by proteolytic action on 
plasma globulins. Both produced delayed and prolonged pain on the blister 
area (Fig. 16) and contraction of the rat uterus (Fig. 17). As with PPS, the 
uterine responses were not prevented by dihydroergotamine. These findings 
show that PPS more closely resembles bradykinin and angiotonin than any of 
the other substances studied. 

Alcoholic extract of plasma. Using the initial alcoholic extraction process 
employed in the preparation of bradykinin, extractions have been made of 
plasma in its ‘preactive’ state, at the peak of activation by glass, and during 
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the subsequent decay of activity. Such an alcoholic extract produced pain and 
uterine stimulation in proportion to the activity of the plasma from which it 
was derived. Fig. 18 shows the responses to extracts made from a single sample 
of plasma at three stages of activity. The alcoholic extract is stable, but when 
added to ‘preactive’ plasma in polythene the activity of the extract rapidly 
decays. 
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giotonin Cradykinin A B A 
Latent g/ml. 10% 210° 10° 10 pg 10 5 5 20 30 15 
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. Fig. 16 Fig. 17 


Fig. 16. Pain responses to angiotonin (hypertensin) and to bradykinin. 
Fig. 17. Responses of isolated rat uterus to angiotonin, A, and bradykinin, B; vol.of bath, 5 ml. 


ACh AE 
Decayed G.A.P. P.A.P. G.A.P. 


AE 
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Fig. 18. Effects of alcoholic extract of plasma on pain and rat uterus: RL =Ringer-Locke’s 
solution; AE, alcoholic extract of plasma; P.A.P., ‘preactive’ plasma; G.A.P., glass- 
activated plasma; G.A.P. (D), decayed glass-activated plasma. a, pain response; b, rat uterus 
(5 ml. bath); responses to alcoholic extracts of ‘preactive’ plasma, glass-activated plasma, 
and pecayed plasma. 


Protein-free aqueous extracts of plasma have the advantage over alcoholic 
extracts that they are almost immediately available for testing. The following 
actions of aqueous extracts of glass-activated plasma have been demonstrated : 
(i) pain on application to a blister base, and on intradermal injection; 
(ii) stimulation of the isolated rat uterus; (iii) protein-free extracts made 
during the early part of the decay phase produced a fall in the cat’s blood 
pressure. 


Huma 
develo 
conter 
| develo 
pete 
the fu 
‘ | additic 
| Act 
| is inte 
ms before 
surfac 
greatl 
citrate 
clottin 
linked 
We 
} blood 
peak 
small 

result 
know 
which 
cells 
ing p 

separe 
Teveé 
(i) on 
additi 
Lewis 
plasm 


PAIN-PRODUCING SUBSTANCE IN PLASMA 363 


DISCUSSION 
Human inflammatory exudates such as blister fluids, joint fluid in rheumatoid 
arthritis, pleural effusion, hydrocoele fluid and protein-rich ascitic fluid, 
develop pain-producing, uterus-stimulating activity when aspirated into glass 
syringes. By contrast, cardiac oedema fluid (a transudate with low protein 
content) develops no pain-producing activity and very little uterus-stimula- 
ting activity when brought into contact with glass. The finding that blood 
develops activity similar to that of exudates when withdrawn into a glass 
syringe is attributed to activation of the plasma. The similarity in behaviour 
of inflammatory exudates and plasma is presumably due to the origin of these 
protein-rich exudates from plasma. Thus, activation of plasma appears to be 
the fundamental process, though cell-rich exudates might produce substances 
additional to those found in cell-free plasma. 

Activation by glass naturally suggests some relation to blood clotting, and it 
is interesting that such pain-producing, uterus-stimulating activity develops 
before clotting occurs. When blood or plasma is kept in contact with a siliconed 
surface or in polythene vessels, both clotting and development of PPS are 
greatly delayed. On the other hand, anticoagulants such as heparin, sodium 
citrate and potassium oxalate do not prevent activation by glass. When 
clotting does occur in polythene, the serum which subsequently forms contains 
little or no PPS until brought into contact with glass. Activation by glass is 
inhibited by soya bean trypsin inhibitor in concentrations which do not 
prevent clotting. Thus the relation of PPS to clotting is obscure but it talghs be 
linked with an early phase of thromboplastin formation. 

We have used the term ‘preactive’ plasma to describe plasma prepared from 
blood which has been collected into a siliconed syringe and centrifuged in 
polythene tubes. When tested on the isolated rat uterus fresh ‘preactive’ 
plasma is never completely inactive and usually contains about 1-2% of the 
peak activity produced by contact with glass. We do not know whether this 
small basal activity represents activity present im vivo or whether it is the 
result of contact of the drawn blood with silicone or polythene. Nor do we 
know that the active agent present in ‘preactive’ plasma is the same as that 
which develops in plasma exposed to glass. 

‘Preactive’ cell-poor plasma (containing no red cells, only occasional white 
cells and < 800 platelets/mm* and kept in polythene) is very suitable for study- 
ing processes of activation, since itself it has negligible activity for 1-2 hr after 
separation. We have demonstrated that with ‘preactive’ plasma it is easy to 
reveal the time course of activation and decay in the following circumstances: 
(i) on transfer to glass; (ii) after dilution (cf. Schachter, 1956); and (ili) by the 
addition of trypsin (cf. Rocha e Silva, 1955), saliva (cf. Werle, 1955; Hilton & 
Lewis, 1955), the permeability factor G.« described by Wilhelm et al. (1955), or 
plasmin. 
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The time course of activation and decay has been more fully studied with 
glass than with the other methods of activation. In all cases the curves have a 
common pattern but differ in their speed of rise to a peak and in their rate of 
decline. With glass, the peak is reached after 5—8 min, whereas with saliva and 
Gy peak activity occurs at about 2 min, and on dilution the peak is attained 
after about 4-1 hr. The rate of decline is quicker the sooner peak activity 
occurs. 

The typical course of activation and decay in glass is shown in Fig. 19. 
Activation is detected at 1 min, peak activity occurs at 7 min, 50% decay 
occurs at about 10 min after attainment of peak, 70% at 30 min and 90% 
decay at 45~60 min. 


Preactive Active Decayed 
Activity on ; 
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pain area 
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Collection Transference 
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eens Diagram to illustrate the time course of activation and decey of plaama in glass: 
: note that the ‘preactive’ plasma develops slight activity during 1-2 hr. 


The curve represents the resultant of formation and inactivation of the pain- 
producing, uterus-stimulating agent. We have shown that ‘preactive’ plasma 
in polythene can destroy the otherwise stable substance in an alcoholic extract 
of glass-activated plasma. This demonstrates that, independent of glass contact, 
plasma always contains an inactivating system, and we have no evidence that 
glass modifies this system in any way. Contact with glass activates the form- 
ing system so that the rate of formation of PPS exceeds its rate of removal and 
the curve of activity is the result. When active plasma is put back into a poly- 
thene container the decay is quicker than in glass; the addition of soya bean 
trypsin inhibitor has the same effect on active plasma kept in glass. The latter 
findings show that although during decay in glass the inactivating process 
predominates, formation of PPS is still taking place. Our work thus demon- 
strates that the processes of formation and inactivation of PPS in plasma 
are quite separate. 
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Nature of the ‘ Pain-Producing Substance’ 

The nature of the substance or substances responsible for the pain-producing 
and uterus-stimulating activities of plasma and exudates has been studied 
by comparing these activities with those of several well-known constituents of 
tissues and body fluids. Whilst it is not certain that pain and uterine stimula- 
tion are produced by one and the same plasma substance, the time course of 
development and decay after contact with glass strongly suggests that this is 
the case. For this reason we speak about pain-producing substance (PPS) 
whichever test we use to detect its presence in plasma. The term PPS refers to 
the pain-producing agent which develops in cell-free or cell-poor human 
plasma (or exudate) as the result of contact with glass (and perhaps other 
methods of activation). 

We shall now summarize all the available evidence on the comparison of 
PPS with the following substances. 

Acetylcholine. The pain produced by ACh (10ug-1 mg/ml.) differs from that 
due to PPS in its immediate onset and brief duration (Armstrong, Dry et al. 
1953). The action of ACh on the rat uterus is readily antagonized by atropine, 
that of PPS is not. There is no detectable ACh in cell-free plasma and no 
mechanism is known by which it could be formed in plasma. 

Potassvum. The pain produced by 0-12-1-:2% (w/v) KCl is slightly delayed 
in onset and more prolonged than that due to ACh, but both latent period and 
duration are much shorter than with PPS (Armstrong, Dry et al. 1953). The 
amount of K* in cell-free plasma is not capable of causing pain, or stimulating 
the rat uterus. There is no known mechanism whereby the effects of K+ could 
be enhanced by glass and subsequently diminish. 

Histamine. Table 1 shows that histamine can produce pain on the blister area 
in concentrations of 10ug/ml. and higher. The pain is of immediate onset, is 
usually followed by itching, and invariably by the development of weal and 
flare. In concentrations between 0-1 and 10yg/ml. histamine produces itching 
only, the onset always being delayed—about 60 sec after application. These 
effects are quite different from those of PPS which when applied to the blister 
area produces delayed pain, no itching, and no weal or flare. Histamine does 


TaBxE 1. Effects of histamine dihydrochloride on the cantharidin blister area 
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not stimulate the rat uterus (Kellaway, 1930), which is the most sensitive 
indicator for PPS. 

If blood is carefully collected into a siliconed glass syringe containing 
heparin and centrifuged in siliconed tubes no histamine is detectable, i.e. the 
concentration is <8 ng/ml. (Adam, Card, Riddell, Roberts & Strong, 1954). 
Since blood histamine is found exclusively in leucocytes and platelets there 
is no source from which histamine could be released when cell-free plasma is 
brought into contact with —_— All these considerations show that PPS is not 
histamine. 

Adenosine triphosphate produces pain and also stimulates the rat uterus. 
However, high concentrations are required and on the uterus at least 2-5 mg/ 
ml. ATP is required to produce the same height of contraction as is produced 
by active blister fluid (Fig. 14). The dose-response relation for ATP is quite 
different from that for blister fluid. 

5-Hydroxytryptamine is indistinguishable from PPS with respect to the pain 
which it produces. 5-HT is very potent, being active in concentrations down 
to 10 ng/ml. With both agents there is a latent period of 10-45 sec before pain 
is felt and the pain then lasts for several minutes. There is frequently also 
pain while these substances are being washed off. However, after repeated 
applications of 5-HT the blister area becomes refractory to this substance. 
Refractoriness to repeated applications of PPS is very much less marked. 
5-HT and PPS both stimulate the rat uterus. However, concentrations of 
dihydroergotamine or LSD which completely block the responses to 5-HT have 
little or no effect on the responses to PPS (Fig. 15). Studies on the rat uterus 
show that when 5-HT is added to plasma it remains stable for several hours. 
PPS is, of course, very unstable in plasma, 50°, being destroyed within 10 min 
of attaining peak activity. The 5-HT present in serum, or 5-HT added to 
plasma, is soluble in 95% acetone. By contrast, PPS is found with the 
precipitated proteins. When blood is carefully withdrawn into a siliconed 
syringe there is at first little or no detectable pain-producing or uterus-stimu- 
lating activity. Contact with glass might, of course, liberate 5-HT from 
platelets, but since the activation occurs to the same degree in cell-free plasma, 
and since there is no evidence that 5-HT is 8 formed from such plasma, PPS 
cannot be identical with 5-HT. 

Bradykinin is a polypeptide preparation made by the action of proteolytic 
snake venoms, or trypsin, on plasma globulins (Rocha e Silva, Beraldo & Rosen- 
fell, 1949; Rocha e Silva, 1955). A sample of bovine bradykinin (activity 10 u./ 
mg) produced pain in concentrations of 10-100yug/ml. The pain was indis- 
tinguishable from that produced by glass-activated human plasma or inflam- 
matory exudate. PPS and bradykinin also resemble each other in producing 
contraction of the rat uterus, the guinea-pig ileum and the rabbit intestine. 
(Armstrong et al. 1954). Like PPS, bradykinin is destroyed by plasma. 
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Angiotonim (hypertensin) is also a polypeptide preparation, made by the 
action of renin on plasma «,-globulins. In a concentration of 100g/ml. it 
produced pain indistinguishable from that due to PPS. Angiotonin acts like 
bradykinin and PPS to stimulate the rat uterus, guinea-pig ileum and rabbit 
intestine but unlike bradykinin, which lowers blood pressure, aigiotonin is, of 
course, & pressor substance. 

Leukotawine. The relation of PPS to leukotaxine and other polypeptides 
prepared by Menkin from inflammatory exudates (Menkin, 1955) has not yet 
been studied. | 

Alcoholic and aqueous extracts of plasma are active in proportion to the 
activity of the plasma from which the extracts are made. The active substance 
in the extracts is relatively stable and closely resembles bradykinin and angio- 
tonin in producing pain and in stimulating smooth muscle preparations. An 
aqueous extract of glass-activated human plasma, made when activity had 
slightly decayed, lowered blood pressure in the cat, and thus acted like 
bradykinin and not like angiotonin. 

Thus of all the comparisons we have made, PPS most closely resembles 
bradykinin. PPS is, therefore, probably a polypeptide and we have briefly 
reported other evidence in support of this view (Armstrong et al. 1954; Arm- 
strong et al. 1955; Jepson et al. 1956). It would thus be reasonable to suggest 
that the course of events during glass activation is as follows: The contact of- 
plasma with glass activates a proteolytic enzyme, which in turn liberates 
the pain-producing, uterus-stimulating polypeptide from some specific com- 
ponent of the plasma proteins (‘activation’). This proteolytic action, like that 
of plasmin, is inhibited by added soya bean trypsin inhibitor, and perhaps by 
natural inhibitors. The active PPS is then hydrolysed under the influence of a 
separate enzyme system always present even in ‘preactive’ plasma, and un- 
affected by trypsin inhibitor. This might be an aminopeptidase. The products 
of this hydrolysis are inactive, or differently active, accounting for the rapid 
‘decay’ of PPS. The time course of glass activation would be the resultant of © 
the separate and opposing rates of activation and decay, and would vary not 
only with the experimental conditions but also with the concentrations of pro- 
enzymes, enzymes, substrates and inhibitors in the plasma. 

' Activation may require a sequence of enzymic actions, just as hypertensin-1 
liberated from plasma globulins by renin is not active until further modified by 
@ plasma ‘converting’ enzyme (Skeggs, Kahn & Shumway, 1956). Several 
polypeptides, either sequentially or concomitantly, may be involved, and these 
need not necessarily have similar, or even related, biological effects, though 
it appears that the pain-producing and uterus-stimulating activities of 
glass-activated plasma go hand-in-hand. This relationship does not hold 
with all types of activation. For example, activation of plasma by saliva and 
the G,« permeability factor of Miles and his colleagues (Wilhelm et al. 1955), 
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produces considerable uterus-stimulating activity with relatively little pain- 
producing activity (unpublished observations). It seems to us quite likely that 
PPS is one of a family of polypeptides which can be formed by different methods 
of activation of plasma. 

As yet we have no evidence as to whether, or in what circumstances, the 
formation of pain-producing, vasodilating and permeability-increasing poly- 
peptides can occur im vivo. The work of Beloff & Peters (1945) shows that 
tissue damage releases an active proteolytic enzyme in the skin. If this enzyme 
acted on plasma it might well form biologically active polypeptides. Cell 
damage might also activate proteolytic enzymes in plasma itself, and Ungar 
(1952) has discussed the process whereby a cell product can convert plasmino- 
gen (pro-fibrinolysin) to plasmin (fibrinolysin). Further, Hilton & Lewis 
(1955) have demonstrated that stimulation of the chorda tympani nerve 
releases from the submandibular gland a proteolytic enzyme which acts upon 
plasma to form a bradykinin-like vasodilator substance. 

We should like to emphasize that our observations have all been made on 
human inflammatory exudates, blood and plasma. The possibility that the rat 
uterus response is in the nature of a reaction to a foreign plasma is unlikely 
in view of the lack of response to ‘preactive’ human plasma and the course of 
development and decay of activity in glass. In addition, rat’s blood and plasma 
behave just like human blood and plasma in being activated by glass to form 
PPS. Blood from certain other species, such as the rabbit and dog, is very 
little, if at all, activated by glass to form PPS, and cat’s blood releases 5-HT 
(Armstrong e¢ al. 1955). An important corollary to these findings is that the 
passage of human or animal blood through glass tubing may produce sub- 
stances which could influence vascular tone and thereby affect the results of 
perfusion experiments. 

SUMMARY 

1. A pain-producing substance (PPS), previously found in blister fluid, also 
occurs in other human inflammatory exudates such as joint fluid in rheumatoid 
arthritis and pleural effusion, and in cell-free plasma. It is barely detectable in 
protein-poor cardiac oedema fluid. 

2. PPS also causes contraction of the isolated rat uterus. This preparation is 
very useful for its assay. 

3. Very little activity is detected in exudates or plasma immediately after 
their withdrawal from the body, but PPS rapidly develops when these fluids 
make contact with glass. After reaching a peak in 5-10 min PPS rapidly 
declines to 10%, of peak value in 45-60 min. Anticoagulants such as heparin, 
citrate or oxalate do not influence these changes, but activation is prevented 
by soya bean trypsin inhibitor. 

4. Plasma develops very little activity when kept for 1-2 hr in siliconed 
glass or in polythene containers. Such plasma is termed ‘preactive’. When 
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clotting occurs in polythene the serum remains ‘preactive’ until brought into 
contact with glass. 

5. PPS differs from ACh, K* and ATP with respect to the features of both 
pain and uterine responses. 

6. PPS is not histamine because: (i) PPS does not produce itching; (ii) 
histamine does not stimulate the rat uterus; (iii) the stimulant action of PPS 

on the guinea-pig ileum is not antagonized by mepyramine; (iv) histamine is 
not found in cell-free plasma. 

7. 5-HT acts like PPS to produce delayed, prolonged pain. 5-HT differs 
from PPS as follows: 5-HT is stable in plasma; its action on the uterus is 
antagonized by dihydroergotamine (DHE) and by LSD; it is removed from 
plasma by 95% acetone (PPS is found with the precipitated proteins); 5-HT 
comes from platelets, PPS from cell-free plasma. 

8. The plasma polypeptide preparations, bradykinin and angiotonin 
(hypertensin) resemble PPS as follows: they produce delayed and prolo 
pain; they stimulate the rat uterus and are not antagonized by DHE and 
LSD; they stimulate the guinea-pig ileum and rabbit intestine; bradykinin, 
angiotonin and PPS are all destroyed by plasma; bradykinin and extracted 
PPS lower arterial blood pressure. 

9. Alcoholic and aqueous extracts of active plasma contain material 
resembling PPS. 

10. PPS is probably a polypeptide. The mechanisms which may be involved 
in its formation and inactivation are discussed. 


Dr D. Argent and Dr L. Phillips helped us in the early phases of this work and Dr C. W. M. 
Wilson did the first experiments on the effects of ‘biological’ surfaces on plasma. We thank 
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and Dr Merlin L. Bumpus for a sample of lyophilized angiotonin, and Dr E. K. Richards of Abbott 
Laboratories and Dr A. Cohen of Roche Products Ltd. for 5-hydroxytryptamine. One of us 
(C. A. K.) is indebted to the Medical Research Council of Great Britain for a grant for expenses for 
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THE EFFECT OF ADRENALINE INFUSION ON 
HUMAN BLOOD COAGULATION 


By G. D. FORWELL ann G. I. C. INGRAM* 
From the Department of Surgery, University of Edinburgh 


(Received 30 August 1956) 


In recent years, the study of a number of human clotting defects has led to a 
considerable extension of the theory of blood coagulation. It therefore seemed 
opportune to re-investigate in man the rapid clotting which has long been 
reported to follow the administration of adrenaline. 

Although the problem has been examined several times previously, the 
evidence is still confused. In the first place, not all authors are agreed on the 
reality of this effect and secondly, because so many diverse drugs and pro- 
cedures have been alleged to have a like effect, it is tempting to ascribe the 
shortening of the clotting time to some common, incidental cause. 

In 1903, Vosburgh & Richards noticed a shorter clotting time in dog’s 
blood after giving adrenaline. W. B. Cannon and his associates made the 
classical investigation in anaesthetized or decerebrate cats, hares and rabbits 
(Cannon & Gray, 1914; Cannon & Mendenhall, 1914a, b, c; Drinker & Drinker, 


1914; Gray & Lunt, 1914; Mendenhall, 1915; Grabfield, 1916; Stern, 1916); 


an intravenous injection of 10-* g/kg was characteristically followed by a 
shortening of the clotting time to }-4 of the control value, whereas a larger 
dose (c. 3 x 10-5 g/kg) often produced a lengthening of clotting time. Shorten- 
ing of the clotting time also followed various procedures thought to lead to a 
liberation of endogenous adrenaline. The great majority of readings were 
obtained on arterial blood with a coagulometer (Cannon & Mendenhall, 19142) 
which measured the increasing resistance offered to the repeated passage of 
a wire through clotting blood. 

Many different drugs are reported to affect the clotting time when adminis- 
tered in vivo. In addition, more rapid clotting has been observed following 
various experimental procedures, including even repeated venepuncture, and 
in the face of pain and emotion. The literature is reviewed by Forwell (1955). 
It is apparent that some of these conditions might accidentally have operated 

* External Staff, Modical Research Council. 
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during experiments in which the effects of drugs were being investigated, 
and might have caused the acceleration of clotting which was ascribed 
to the drugs. 


METHODS 
The investigation is in five parts: 
(1) The main experiments of Cannon & Gray (1914) were repeated under anaesthesia in cats 
and in dogs. 


(2) Because blood was to be obtained by venepuncture before and after administering adrena- 
line to conscious human subjects, observations were made to determine the effect of serial vene-. 
puncture upon the clotting time, in twenty-two untrained men. 

(3) Twelve control and thirteen adrenaline infusions were administered to nine subjects well 
habituated to venepuncture, to distinguish changes in clotting time due to adrenaline from those 
incidental to the experimental procedures. 

(4) In seven of the adrenaline infusions (in five subjects), more detailed clotting investigations 
were undertaken. 

(5) Direct action upon the clotting mechanism was controlled by adding reagents to clotting 
tests in vitro. 

Collection of blood. In animals, arterial blood was obtained from exposed vessels, either directly 
into the cannula described by Cannon & Mendenhall (19144), or by needle and syringe. In man, 
blood was withdrawn by venepuncture. Needles and syringes were coated with silicone. When a 
pair of blood samples was obtained before and after an infusion of adrenaline they are referred 
to as ‘control’ and ‘adrenaline’ samples respectively. 

A test for the beginning of thrombin generation was made by adding 0-5 ml. citrated plasma 
to each of four test-tubes containing 0-2 ml. normal platelet suspension and 0-5 ml. 0-025 m-CaCl,, 
already warmed to 37° C. After 0, 1, 2 or 3 min incubation (and before clotting had occurred) 
0-2 ml. 3-8 % (w/v) trisodium citrate was added to each tube and the contents mixed. (In the 
two-stage prothrombin time with brain suspension, a corresponding addition of citrate had been 
shown to arrest the generation of thrombin.) The tubes were then observed for the appearance of 
fibrin threads (a development assisted by freezing and thawing), which was taken to represent 
traces of thrombin which had been generated before the final addition of citrate, and probably, 
also, thrombin generated before the ‘autocatalytic’ phase since the yield of fibrin was small, 
and it appeared slowly. The test was thus thought to indicate the onset of an earlier stage in the 
clotting sequence than was represented by the thrombin generation test (Macfarlane & Biggs, 
1953) in which a firm clot occurs. Paired plasma samples were tested together. 

Glass contact for factor VII activity. Rapaport, Aas & Owren (1954, 1955) found that the one- 
stage prothrombin time obtained with brain reagent was shorter in plasma which had been shaken 
with crushed glass than in plasma handled only in siliconed tubes; they concluded that the effect 
was related to an increase in proconvertin activity, of threefold or more. Paired plasmas were 
therefore tested in this way for a difference in glass contact effect. In the analysis of variance of the 
results, the interaction between before/after adrenaline and silicone/glass was tested for significance. 

Statistical conventions. Mean values with s.z. (and the number of contributory readings, n) 
are indicated thus: 20-6+ 1-3 (n=8) min. When standard errors are derived from an analysis of 
variance the n-value is replaced by the number of degrees of freedom for the error term (error d.f.). 
The number of d.f. in the ¢-test is shown thus: ty. Confidence limits follow mean value thus: 

-3% (-12 to 11%). The correlation coefficient is denoted by r. ‘Significance’ refers to the 5% 
7 When a reading was lost from a series but was necessary for an analysis it was replaced by 
an estimated value (Snedecor, 1946). 
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RESULTS 
Anvmal experiments 
The effect on clotting time of the intravenous injection of synthetic adrena- 
line tartrate was tested in eight cats and four dogs under pentobarbitone 
anaesthesia. In two cats, a shortening of the clotting time was demonstrated 
with the Cannon-Mendenhall coagulometer (Forwell, 1955) following adrena- 
line injections of 2x 10-* and 1:5 x 10-* g/kg in one, and of 2 x 10-7 g/kg in 
the other. A shortening of clotting time both in glass and silicone-coated tubes 
at 37° C (Lee & White, 1913) appeared to follow the injection of 2 x 10-* g/kg 
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Fig. 1. Effects on clotting time of intravenous injections of synthetic adrenaline in anaes- 
thetized dogs. @—@, Cannon-Mendenhall coagulometer; A— A, Lee-White clotting time in 
glass tubes; w—w, Lee-White clotting time in silicone-coated tubes. The changes shown 
by the coagulometer agree with W. B. Cannon’s findings, but are not reproduced by the Lee- 
White tests. 

in one cat, but there was no effect in five others (one of which was splanchni- 

cectomized at the beginning of the experiment) in which 10-*, 2x 10-* and 

10-5 g/kg were injected. One dog, tested only with Lee-White clotting times, 

showed no change following the injection of 10-*, 25x 10-* or 10~° g/kg. 

With the coagulometer, one dog showed a prolonged lengthening of clotting 

time following 3 x 10-* g/kg (Fig. 1); in another, given 3x 10-7 g/kg, the 

injection preceded a slow oscillation of the clotting time (Fig. 2); and in the 
last, in which the initial clotting time was unusually long, 3 x 10-* g/kg was 
twice followed by a mar’ed fall in clotting time (Fig. 3). Nevertheless, con- 
current readings by the Lee-White methods did not show corresponding 


changes in these three animals. 
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In fact in these and other experiments in six dogs, 35 parallel readings of 
clotting time were obtained by all three methods, and the pooled correlations 
between the results from the six animals were: for glass and silicone-coated 
tubes, r=0-64 (t.5=4-45; P<0-01); for glass tubes and the coagulometer, 
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Fig. 2. Legend as in Fig. 1. 
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Fig. 3. Legend as Fig. 1. 


r=0-29 (t4.=1-61; P>0O-1); and for siliconed tubes and the coagulometer, 
r=0-12 (tg)< 1). Thus, the results in glass and silicone-coated tubes correlated 
reasonably well, but the coagulometer readings did not correlate with them. 
Subsequent observations of whole blood clotting time are therefore restricted 
to glass and siliconed tubes, since there is no information on the relation of 
coagulometer readings to modern work on blood coagulation. 
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Serial venepuncture in man 

Serial clotting times in siliconed tubes and direct eosinophil counts (Dunger, 
1910) were obtained at half-hour intervals from eight fasting volunteers who 
drank a solution of 50 g fructose after the first venepuncture. Similar samples 
were obtained from fourteen other fasting subjects who received instead 
50 g glucose. The subjects were not habituated to venepuncture but three in 
the second series were tested twice. Blood glucose (Hagedorn & Jensen, 
1923a, 6) and (in the first series) fructose (Stewart, Scarborough & Davidson, 
1938) concentrations were also determined. The results from each patient were 
expressed as percentages of the corresponding readings obtained at the first 
venepunctures, and the mean changes in these percentages are shown in Figs. 
4 and 5. 
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Fig. 4. Mean percentage changes in clotting time in silicone-coated tubes, eosinophil count and 
blood glucose ( x ) and fructose (+) concentrations in eight fasting volunteers receiving 
fructose orally after the first. venepuncture. 

Fructose was regarded as an inert control substance. In this series (Fig. 4) 

the mean initial siliconed tube clotting time and eosinophil count were 20-6 + 1-3 

(n=8) min and 158 +56 (n=8)/mm* respectively. Their average rates of fall, 

as given by the slopes of the least squares regression lines calculated from the 

percentage values, were respectively — 8-8 + 2-0 (error d.f. 34) % of the initial 
clotting time/hr observed and —14-8+3-8 (error df. 28) % of the initial 

eosinophil count/hr observed, and were clearly significant. The two slopes did 

not differ significantly (0-1 < P< 0-2). | 

In the glucose series (Fig. 5), in which the clotting time and blood glucose 
concentration appear to have been negatively related, the mean initial siliconed 
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tube clotting time was 16-6 + 1-0 (n=17) min and the mean initial eosinophil 
count 182+12 (n=13)/mm. It is clear from Fig. 5 that neither variable 
showed the progressive fall seen in the previous figure, but in both Figs. 4 and 
5 the siliconed tube clotting timeand the eosinophil count tend to be correlated. 
The relation between clotting time and blood glucose concentration was 
further tested in the second series by fitting quadratic curvatures to the original 
clotting times and glucose concentrations: in fourteen of the seventeen tests 
the associated curvatures were of opposite sign. Parallel clotting times observed 
throughout in glass tubes did not show these effects. 
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Fig. 5. Mean percentage changes in clotting time in silicone-coated tubes, eosinophil count and 


first venepuncture. 


Adrenaline infusions in man 

In nine healthy young men (medical students and colleagues), well habitu- 
ated to venepuncture, blood samples were obtained before and after thirteen 
infusions of adrenaline and at half-hour intervals during twelve control 
infusions. Synthetic adrenaline tartrate was infused at 2—8 x 10-* g/min, 
generally over about half an hour (i.e. c. 0-03—0-1x10- g/kg/min, or 
1—3x 10~* g/kg), raising the pulse rate by c. 30% and the blood glucose 
concentration by c. 60%. 

Clotting times were measured in glass and silicone-coated tubes, and the 
differences observed before and after adrenaline (13 pairs of blood samples) 
were compared with those found between consecutive control samples 
(24 pairs). Only in the results from the siliconed tubes were there even sug- 
gestive mean differences between control and adrenaline samples. These 
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figures showed large differences between the over-all mean clotting times on 
different occasions, but smaller differences between the proportional changes in 
clotting times in consecutive samples, so that the results were analysed in 
logs. A pooled error mean square was obtained from the differences within 
subjects and treatments, on 23 d.f.; and the mean changes in siliconed clotting — 
time (from the antilogs. of the mean log. differences) were: control infusions, 
~3% (—12 to 11%); adrenaline infusions, -19% (—29 to ~7%). The 
difference between the means was significant (t,,=2-22; 0-02 <P<0-05). 
These findings suggest that the adrenaline infusions produced a real shortening 
of the clotting time in silicone-coated tubes. A systematic fall in eosinophil 
count did not occur. 


Detailed clotting tests 

More detailed investigations of the clotting mechanism were carried out in 
seven of the adrenaline infusions, Comparison was made between the adrena- 
line and control samples from each infusion: it was assumed that any changes 
observed would represent the effects of adrenaline, on the evidence of the 
preceding section, and corresponding tests on control infusions were not made. 

In the mean results of all the infusions, a shortening of clotting time had 
been observed in silicone-coated tubes but not in glass tubes; this suggested 
that the effect of adrenaline was mediated through the initial stages of clotting 
not later than the development of intrinsic thromboplastin (Biggs, Douglas & 
Macfarlane, 1953). The following evidence is therefore arranged to test this 
hypothesis. 

Evidence of an acceleration of the early stages of clotting. Triplicate thrombin 
generation tests (Macfarlane & Biggs, 1953) were made in four infusions. 
Thrombin appeared earlier in the adrenaline than in the control samples in 
-_ eight out of the twelve runs, and in no instance later. The test for the beginning 
of thrombin generation was made in two infusions. In both cases fibrin threads 
appeared in earlier tubes in the adrenaline series than in the control series. 

Evidence of an acceleration of thrombin generation with brain reagent. There 
is evidence that when thrombin is generated from plasma by brain reagent 
(Biggs & Macfarlane, 1949) the brain reagent is first activated by factors V and 
VII (Hardisty, 1955). The rate of thrombin generation in the two-stage pro- 
thrombin time (Biggs & Douglas, 1953a) thus probably reflects the activity 
of factors V and/or VII or of the final product with brain. In six of the seven 
infusions the generation of thrombin in the two-stage system was more rapid 
in the adrenaline sample than in the control sample. After defibrination with 
thrombin (Warner, Brinkhous & Smith, 1936) there was no difference in four 
infusions tested. The loss of the adrenaline effect after defibrination suggested 
that this effect was mediated by a change in factor V, since this factor is 
inactivated by thrombin. 
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Evidence of an increase in factor V activity. In the thromboplastin genera- 
tion test (Biggs & Douglas, 19536), alumina-treated plasma (which contains 
factor V) from the adrenaline samples showed higher activity than that from 
the control samples in each of six infusions tested. In three of these, the factor 
V fractions (Biggs & Macfarlane, 1953) were separately examined, and in two 
the enhancement of activity was associated with this fraction. 

Tests with brain reagent for factor V activity (Ware & Seegers, 1948; Wolf, 
1953) were made in five infusions, testing either alumina-treated plasma or 
the factor V fraction, or both. In four in which plasma was tested the mean 
potency of the adrenaline samples was 124% of that of the controls; in four in 
which the factor V fraction was tested the corresponding value was 126%. 

In one infusion, in which the one-stage prothrombin time was tested with 
Russell’s Viper venom, the clotting time of the adrenaline sample was shorter 
than that of the control by c. 20%. By testing derivatives of the two plasmas, 
the heightened activity was shown to be associated with the factor V fraction 
of the adrenaline sample. 

Tests for factor VII activity. In three infusions the glass contact effect was 
examined but in none was the effect significantly greater after the infusion 
than before. In two infusions alumina eluates (containing factor VII) were 
tested, but in neither did the paired samples differ. In two infusions whole 
plasma, defibrinated plasma and serum were each tested for their ability to 
shorten the prothrombin time of plasma from a patient under treatment with 
phenylindanedione but a consistent difference between the adrenaline and 
control samples was not found. It was concluded that adrenaline had not 
influenced the activity of factor VII. 


Direct effect on the clotting mechanism 

To eliminate direct effects upon the clotting mechanism, the reagents used, 
and certain other substances which might have been released in vivo, were 
added to clotting tests in vitro, in the concentrations which might have been 
obtained in vivo. No effect was noticed with glucose, fructose, noradrenaline, 
insulin or histamine. 

With adrenaline, however, a significant shortening of whole blood clotting 
time was demonstrated in two experiments with silicone-coated tubes, and 
the results are shown in Table 1, together with comparable figures given by 
Waldron (1951) who used collodion tubes. It was shown that the slopes of 
the regressions of clotting time on adrenaline concentration did not differ 
significantly between the three series of data, and so a mean slope was derived 
from all the results (0-75 + 0-22 min fall in clotting time per tenfold rise in 
adrenaline concentration). Using this value, the regression of clotting time on 
adrenaline concentration of Expt. 1 (Table 1) was extrapolated forwards to 
determine the concentration of adrenaline required to produce the mean 
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degree of shortening of clotting time observed in the infusion experiments 
(—19%): a concentration of c.6x 10-1 g/l. would have been required. Similarly, 
the regression was extrapolated backwards to the mean saline control clotting 


; Tanz 1. Mean results in experiments in which fresh whole blood was added to adrenaline 
in vitro and the clotting times measured 
i. Expt. 1. Silicone-coated tubes: twenty subjects tested 
Contents of tubes to which blood was added 


$ Adrenaline in 0-9% (w/v) NaCl 
(As final concentration after 


Control blood, g/l.) 
r A ~ of. data of Waldron (1951) infra 
0-9 (wiv) ~ 
Empty tube 1-25 x 10-* 1-25 x 10-* 

Mean time 15-3 ( +12) 13-7 13-2 ( - 4) 12-3 (-11) 

(min), with 

deviation from 

NaCl control 

reading 


Mean change in clotting time per tenfold increase in adrenaline concentration, — 0-93+ 0-37 min 


ii. Expt. 2. Silicone-coated tubes: eleven subjects tested 
Final concentrations of adrenaline ( x 10-*, g/l.) 
after adding blood 


“0-9 2-2 5-2 12-5 
Mean clotting time (min) 11-6 11-8 11-5 Ill 
Mean change in clotting time per tenfold increase in adrenaline concentration —0-57+0-41 min 
| iii, Waldron (1951). Collodion tubes: twenty subjects tested at each adrenaline concentration 


Final concentration adrenaline adding blood 


(cf. data of Expt. | 
10-% 10° 
Control tube Control tube 
0-99 (wiv) 0-9 
Adrenaline tube Adrenaline tube 
| Mean time 12-5 10-2 ( — 18) 12-3 9-3 ( 24) 
(min), with % devia- 
tion from N 
control reading 


Mean change in clotting time per tenfold increase in adrenaline concentration, — 0-72 + 0-36 min 


In Expts. 1 and 2 blood from each subject was tested with each adrenaline concentration and 
clotting times were obtained from two replicate tubes in each category. Parallel tests in glass 
tubes showed similar but smaller effects. 

In Waldron’s (1951) experiment blood from a different subject was used for each pair of 
clotting times with 0-9 % (w/v) NaCland one or other concentration of adrenaline, so that the mean 
clotting times for the two concentrations are derived from different groups each of twenty subjects. 
Tn calculating the mean change in clotting time per tenfold increase in adrenaline concentration, 
7 ‘&madjustment was made to allow for the differences in control clotting times. 

The three estimates of mean change in clotting time do not differ significantly; the pooled 
| is 0-75 40-22 min per tenfold increase in adrenaline concentration. 
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time, which was reached at a concentration just above 10-*g/l. It was therefore 
assumed that below this concentration there would be no appreciable direct 
effect of adrenaline upon the clotting mechanism. 

Now, the resting concentration of adrenaline in the blood has been given 
as c. 10-* g/l. (Outschoorn & Vogt, 1952; Weil-Malherbe & Bone, 1952). The 
levels attained by intravenous infusion in man are not known, but an estimate 
was obtained from the first six infusions of the present experiments by calcula- 
ting the total quantity infused up to the time when the pulse rate began to fall 
after the initial rise, and then dividing this quantity by the estimated blood 
volume. This suggested that an infusion would raise the blood concentration 
of adrenaline to c. 10-* g/l. If this estimate is even approximately correct, 
it is unlikely that the observed fall in clotting time of — 19% could be ascribed 
to a direct effect of adrenaline upon the clotting mechanism. 


DISCUSSION 
Animal experiments 

Cannon’s observations with the coagulometer appeared to be confirmed by 
this small series of experiments, but the results could not be reproduced in 
animals with the Lee-White tests. It had been hoped that Lee-White tests 
made in animals in parallel with readings of the Cannon-Mendenhall coagulo- 
meter would throw light on Cannon’s original observations, and would help 
to bridge the gap between his work and the modern study of coagulation. 
When it became apparent that Cannon’s results were not reflected in the Lee- 
White tests, this line of investigation was discontinued. What function of 
clotting is measured by the coagulometer therefore remains unknown; and in 
particular, the prolongation of the clotting time by the larger doses of adrena- 
line is unexplained. 


The effect of venepuncture in man 

Menghini & Giunti (19484, 5), testing thirty-five fasting subjects, found that 
blood obtained by successive half-hourly venepunctures from different veins 
clotted progressively more quickly, and they suggested that this might be 
caused by an accumulation of tissue juice in the blood, the trauma of each 
venepuncture contributing a little more. In fact, their results showed a 
progressive fall in clotting time from initial values of 10-15 min (at room 
temperature) to a minimum value of 3-4 min over the first four punctures: 
but the final three punctures produced no further shortening. This pattern of 
results is difficult to explain on the hypothesis which they advance, since in 
vitro tissue juice will shorten the clotting time to as little as 10 sec, but rather 
suggests a response of the organism to the (presumably unpleasant) circum- 
stances of the experiment. This is borne out by the fact that a comparable 


shorte! 
many | 
e0sino} 
clearly 
obtain 
the eff 


In t 
contro. 
intervs 
that tl 
therefc 
tubes : 
thoug 

The 
giving 
that tl 
believe 


(Biggs 
indicat 
isolate 
Thes 
clottin 
Harrin 
larly fe 
coated 
clottin 
2. 17 
anaest 
could 
what f 
e0sino 
venep 
| of con: 
| behavi 
4. I 
pared 


E’?FECT OF ADRENALINE ON BLOOD COAGULATION 381 


shortening of clotting time has been reported to follow the administration of 
many different drugs, and also by the association between clotting time and 
eosinophil count in the present series of tests with fructose and glucose. It is 
clearly important, when comparing the clotting times of samples of blood 
obtained before and after a given procedure, to control the experiments for 
the effects of venepuncture alone. 


Adrenaline infusion in man 

In these tests, the effects of the procedures were controlled both by the 
control infusions, during which venepunctures were spaced at about the same 
intervals as those before and after the adrenaline infusions, and by showing 
that the eosinophil counts did not fall during the adrenaline infusions. It was 
therefore thought that the fall in clotting time observed in silicone-coated 
tubes after giving adrenaline was a real effect of the drug. It was hence not 
thought necessary to repeat the detailed clotting tests on control infusions. 

The further tests made in seven adrenaline infusions indicated that after 
giving the drug the initial stages of spontaneous clotting were accelerated and 
that the plasma reacted more rapidly with brain reagent. The components 
believed to be common to these two reactions are clotting factors V and VII 
(Biggs et al. 1953; Hardisty, 1955); and the special fests for these factors 
_ indicated an increase in the activity of V but not of VII. This confirms an 
isolated observation of Perlick & Kalkoff (1955) in the dog. 

These results suggest that an increase in factor V activity shortens the 
clotting time in silicone-coated tubes, but not in glass tubes. Stohlman, 
Harrington & Moloney (1951), studying a case of factor V deficiency, simi- 
larly found the clotting time normal in glass tubes but prolonged in silicone- 

coated tubes. 

SUMMARY 

1, The administration of adrenaline has been reported to shorten the 
— clotting time of the blood. : 

2. The classical experiments of W. B. Cannon and his associates, using 
anaesthetized animals, were briefly confirmed with Cannon’s technique but 
could not be reproduced with standard methods. It thus remains uncertain 
what function of clotting Cannon may have measured. 

3. In men undergoing serial venepuncture the clotting time and the 
eosinophil count were associated. This suggested that the effect of repeated 
Venepuncture was an important variable in experiments comparing the clotting 
of consecutive blood samples, and that the effect might be assessed by the 
behaviour of the eosinophil count. 

4. In a group of nine men, the difference in clotting time between blood 
samples obtained before and after thirteen infusions of adrenaline was com- 
pared with the difference between clotting times obtained from consecutive 
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venepunctures spaced at about the same intervals during twelve control 
infusions. Only following adrenaline was there a significant fall in clotting 
time, demonstrable in silicone-coated tubes but not in glass tubes. 

5. In seven of the adrenaline infusions special clotting investigations were 
carried out, and the results suggested an increase in the activity of clotting 
factor V. 


We wish to thank the volunteer subjects on whom the experiments were made; Dr P. Armitage 
and Dr D. N. Lawley for their statistical help and advice; Dr C. P. Stewart and his staff for the 
fructose and glucose determinations and British Drug Houses, Ltd. for re-assaying the adrenaline 
solutions which were used. During the period of these investigations G. D. F. was in receipt of a 
Crichton Research Scholarship of the University of Edinburgh and of a personal grant from the 
Medical Research Council. 
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THE EFFECTS OF LONG-TERM EXPOSURE TO COLD UPON 
ADRENAL WEIGHT AND ASCORBIC ACID CONTENT IN 
WILD AND DOMESTICATED NORWAY RATS 


By J. W. WOODS 


From the Department of Physiology and the Psychobiological Laboratory, 
The Johns Hopkins University School of Medicine, Baltwmore - 


(Received 11 September 1956) 


For many years it has been known that the adrenals of laboratory rats 
become larger when such animals are exposed to a low environmental 
temperature for several days or weeks (Hartman, Brownell & Crosby, 1931). 
Many other kinds of stress will also result in adrenal hypertrophy in some 
mammals (for reviews see Tepperman, Engel & Long, 1943; Faber, 1945; 
Chan, 1950). It now appears to be a commonly accepted view that adrenal 
hypertrophy is the almost invariable result of stress. Ordinarily, it is accepted 
that such adrenal hypertrophy occurs as a consequence of increased secretion 
of ACTH by the anterior pituitary under conditions of stress. 

Recent work on wild rats (Woods, 1953, 19546, 1957) indicates that many 
kinds of acute stress may not activate the pituitary-adrenal cortical system in 
non-domesticated animals. It is certain, at least, that some rather severe 
stresses do not result in metabolic depletion of the adrenal cortex in wild rats. 
The literature contains reports (Jailer & Boas, 1950; Alpert, 1950; Zarrow & 
Baldini, 1952) which indicate similar results from work with hamsters, young 
mice, and some avian species. There is also in the literature at least one report 
(Josephson, Taylor, Greenberg & Nadel, 1949) of the failure of chronic stress 
to result in adrenal hypertrophy in non-domesticated animals. 

It therefore became of some interest to determine whether continuous 
exposure to stress would result in adrenal activation sufficient to bring about 
hypertrophy of the cortex in animals such as the wild rat. Thermal stress was 
selected for the first series of experiments for several reasons. Such a stress is 
comparatively easily produced, it can be rigidly controlled in intensity, rats 
survive for long periods under such conditions, and finally, the literature 
contains reports that wild rats captured during the winter have larger adrenals 
than rats captured during the summer (Rogers & Richter, 1948). 
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METHODS 

Forty wild rats, captured in the streets and alleys of Baltimore, and forty-six domesticated rats 
from the Richter colony were used in these experiments, All the animals were adults with body 
weights ranging between 200 and 400g. The wild rate were captured between mid-April and 
September and were all kept in the laboratory for at least 4 weeks before the start of an experiment. 
During the experiments all animals were housed in individual cages and were given unlimited 
access to fresh food and water. Records of water intake, and in most cases of food intake also, 
were kept as a check on the general health of the rats. 
In each experiment the rate were divided into four groups. One group of wild rate and one 
group of domesticated rate were kept as controls at room temperature. Two similar groups were 
kept in a walk-in type refrigerator (6 x 6 x 8 ft.). The temperature in this room was 0+ 4° C, and 
the door was opened often enough to prevent freezing of drinking water. 
At the end of the exposure period all animals were killed instantly by shooting them through 
the chest with a 0-22 calibre bullet. Their adrenals were then quickly removed, dissected free of 
extraneous tissue under a dissecting microscope, and weighed on a torsion balance. One adrenal 
was placed in 10% neutral formalin and saved for histological study; the other was macerated 
immediately in 4% metaphosphoric acid for determination of ascorbic acid by a modification of 
the method of Bessey & King (1933). 
Two separate experiments were carried out using both strains of rats. In the first experiment, 
owing to the limitations imposed by the availability of wild males, only female rats were used, and 
this experiment was terminated after 10 days. In the second experiment both sexes of both 
strains of rate were used and the exposure was continued for 26 days. 


RESULTS 


Adrenal weight. The results from both experiments are given in Table 1. 
It can be seen that the mean adrenal weight of domesticated rats of either sex 
which had been exposed to cold was greater than the mean adrenal weight of 
the appropriate control group. As a matter of fact, every one of the experi- 
mental animals had adrenals which were larger than the largest adrenals 
found in control animals of equal size. 

On the other hand, there is no evidence that adrenal hypertrophy occurred 
in any of the wild rats which were exposed to cold. The mean adrenal weight 
in one group of experimental animals was actually 12% more than the mean 
adrenal weight of the control group, but this difference is not significant. One 
of the experimental groups of wild rats had a mean adrenal weight which was 
actually less than the control value. This was true in spite of the fact that the 
experimental animals lost a few grams of body weight during the 26 days of 
exposure to cold. 

Ascorbic acid. The results of the ascorbic acid analyses are also presented in 
Table 1. When expressed in absolute terms, there was more ascorbic acid in 
the adrenals of the experimental groups of domesticated rats than in the 
adrenals of the control groups. When the increased size of the adrenals is 
considered, however, the difference is not apparent. That is, the concentration 
of the vitamin in the gland remained unchanged although the adrenals were 
markedly increased in size. At least, this was so at the end of 10 days and at 
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the end of 26 days of exposure to cold. No differences were found in the 
concentration of ascorbic acid in the adrenals of the five groups of wild rats. 


Tasie 1. Weight and ascorbic acid content of the adrenals of wild and domesticated 
Norway rats following continuous exposure to cold 


No. of Adrenal weight Ascorbic acid 

Group rata (days) (mg/kg body wt.) p+ (wg/mg) 
Wild 3 6 0 282-8 + 3-59 
Wild ¢ 6 26 298-0 + 21-7 >0-5 3-88 + 0-30 
Wild 9 12 0 467-8 + 26-7 —_— 3-68 +0-18 
Wild 9° 6 10 521-04 27-7 >0-5 3-544 0-46 
Wild 6 26 420-24 45-4 >0-5 3-92+0-18 
Dom. ¢ 12 0 116-34 3-3 — 3°75 40-25 
Dom. ¢ 10 26 136-4+ 5-4 <0-01 3-6140-18 
Dom. ? 12 0 243-54 3-6 3-88 + 0-26 
Dom. 2 16 10 2916+ 61 <0-01 3-7240-29 
Dom. 2 6 26 328-8+ 5-2 <0-001 3-85 + 0-32 

a No tests for significance were performed on ascorbic 

acid findings. 
8.8. of mean. 
DISCUSSION 


Pituitary-adrenal cortical responses to stress 


Although there i is. little doubt that adrenal cortical hypertrophy is the in- 
variable result of continued exposure to stress in the domesticated animals 
which are commonly used in laboratory experiments, the author is unaware 
of any experiments which show that this phenomenon occurs in other species. 
Studies of avian species (Josephson e¢ al. 1949) show that the stress of a 
parasitic infection does not result in adrenal hypertrophy in some species 
at least. 

The present finding that.the adrenals of wild rats did not hypertrophy 
during 26 days of continuous exposure to freezing temperature is also evidence 
negative in nature. It does not establish that pituitary-adrenal cortical 
activity in the wild rats was not increased to some degree. There is certainly 
the possibility that endogenous production of ACTH was indeed increased 
during the experiment but that the comparatively large adrenals of the wild 
rats were able to respond adequately to the stimulus without an increase in 
cortical tissue. That is, the threshold for hypertrophy may be higher in the 
wild rat than in the domesticated. 

There is, of course, the additional possibility that the adrenals of the wild 
rats used in these experiments were already hypertrophied by the stress of 
living in the laboratory for several weeks. That this is not the case can be seen 
by comparing the adrenal weights in the control groups with the adrenal weight 
of recently captured wild rats (Rogers & Richter, 1948) or of wild rats shot in 
their natural habitat (Woods, unpublished observations). The adrenals of all 
five groups of wild rats in the present study were actually slightly smaller than 
those found by Rogers & Richter and by Woods. 
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Finally, there remains the possibility that the adrenals of wild rats are 
incapable of further increase in size. That this is not so was shown by the 
results of studies of the effects of unilateral adrenalectomy in wild rats 
(Woods, 19546). When the two adrenals were removed from a wild rat 
simultaneously, they were found to differ in size by, at the most, 5%, the left 
adrenal being the heavier of the two in 96% of the cases. Within 48 hr of left 
unilateral adrenalectomy it was found that in all cases the remaining adrenal 
(the right one) was heavier than the gland removed at operation by as much 
as 15%. At the end of 10 days, hypertrophy had proceeded to a point at 
which the remaining adrenals were heavier than control glands, removed at 
operation, by a mean value of 30%. Although it is difficult to equate such 
diverse pituitary stimulants as unilateral adrenalectomy and exposure to cold, 
these results certainly prove that the adrenals of wild rats do hypertrophy 
during a period in which it is reasonable to assume that larger than normal 
amounts of ACTH are present in the circulation. 

The evidence presented here, although admittedly negative in nature, 
indicates no sign of adrenal hypertrophy in the wild rat after as much as 
26 days of continuous exposure to what may be considered rather severe stress 
(i.e. exposure to freezing temperatures in open cages with no access to pro- 
tection of any kind). It is consistent with the evidence of Josephson et al. 
(1949) on avian forms and with the fact that it has been found impossible to 
detect increased adrenal cortical activity in response to acute stress in other 
feral species (Alpert, 1952; Giroud & Santa, 1939; Jailer, 1949; Jailer & Boas, 
1950; Kessler & Leathem, 1952; Zarrow & Baldini, 1952; Woods, 1953, 
1954, 1957), and raises the question whether substantially increased ACTH 
production in response to stress occurs at all in mammals other than domesti- 
cated laboratory forms. 

In view of the report of Rogers & Richter (1948) that wild rats captured in 
winter have enlarged adrenals, the results reported here are somewhat 
surprising. Two possible explanations may be suggested: (1) the present 
experiments may not have been carried on long enough, or (2) the apparent 
hypertrophy of the adrenals of wild rats captured during the winter months 
may not be real at all. Rogers & Richter calculated adrenal weight on a body 
weight basis. If the wild rats in Baltimore tend to lose weight during winter 
when food may be scarce, then their relative adrenal weight might be increased. 

In view of the fact that in the experiments reported here all the rats were 
kept under identical conditions in so far as food, illumination, water supply, 
and opportunities for general activity are concerned and the only known 
variable was temperature, it would appear worth while to consider factors 
other than temperature to explain the large adrenals of wild rats captured 


during winter. 
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The relationship of ascorbic acid to adrenal cortwal function 

From time to time the importance of this vitamin in adrenal cortical 
function has been disputed, largely as the result of studies involving the use 
of non-domesticated animals. The failure of acute stress and of ACTH to 
produce changes in the Gpount of ascorbic acid in the adrenals of such feral 
species has been cited a8 evidence indicating that ascorbic acid is not directly 
related to the functional activity of the gland. It now appears that divergent 
points of view in this regard may be reconciled by considering two facts: 
(1) that ACTH thresholds may differ widely in different species (Wilbur & 
Rich, 1953; Woods, 1953), and (2) that non-domesticated species may not 
respond to stress by producing large amounts of ACTH (Woods, 1957). 

The data reported here show that the increase in adrenal size which 
accompanies the exposure of domesticated rats to stress is paralleled by an 
increase in the amount of ascorbic acid in the tissue of the gland. At the end 
of 10 days and of 26 days, the increase in the amount of ascorbic acid present 
is sufficient to maintain the concentration of the vitamin in the gland at control 
level even though the gland has increased in weight by as much as 35%. 

It is not possible to explain the production of adrenal cortical hormones in 
detail sufficient to encompass ascorbic acid in the metabolic pathway. Never- 
theless, its presence in the gland in such high concentration, its decrease in 
concentration in every case in which increased circulating ACTH can be 
proved in animals (Woods, 1957), and the present experiments showing that 
the amount of the vitamin in the gland increases as the gland increases in 
weight, make the relationship of ascorbic acid to adrenal cortical function 
a continued challenge in adrenal physiology. 


SUMMARY 


1, Adult wild Norway rats, which have adrenals about twice the size of 
those of domesticated Norway rats, differed markedly from domesticated rats 
in their adrenal responses to continuous exposure to cold. After 26 days of 
exposure to freezing temperatures no signs of adrenal hypertrophy were 
detected in wild rats. The adrenals of domesticated rats kept under identical 
conditions were 35°, heavier than those of controls. 

2. Under normal conditions the concentration of ascorbic acid in the 
adrenals was the same in both strains of Norway rats. Following exposure to 
cold, the concentration of the vitamin in the adrenals of both strains of rats 
was unchanged. This was so in spite of the increase in adrenal weight in the 
_ stressed domesticated rats. 

3. The significance of the results is discussed in relation to the effects of 


stress in domesticated and feral species and the importance of ascorbic acid 
in adrenal cortical function. 
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This work was previously submitted to the School of Higher Studies of the Faculty of 
Philosophy at The Johns Hopkins University as part of a dissertation prepared in partial fulfilment 
of the requirements for the Ph.D. degree. Part of it was carried out during the tenure of a fellow- 
ship from the American Cancer Society. 
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THE EFFECTS OF ACUTE STRESS AND OF ACTH UPON 
ASCORBIC ACID AND LIPID CONTENT OF THE 
ADRENAL GLANDS OF WILD RATS 


By J. W. WOODS 


From the Department of Physiology and the Psychobiological Laboratory, 
The Johns Hopkins University School of Medicine, Baltimore 


(Received 11 September 1956) 


Most of our knowledge of the effects of stress upon adrenal cortical function is 
based upon the results of studies which made use of domesticated rats and 
guinea-pigs as experimental animals. When such domesticated mammals are 
exposed to stress, an initial metabolic depletion of the adrenal cortex appears 
to be the invariable result (Sayers, 1950). On the other hand, the limited 
amount of information available (Josephson, Taylor, Greenberg & Nadel, 
1949; Jailer & Boas, 1950; Zarrow & Baldini, 1952) suggests that adrenal 
cortical ascorbic acid and lipid depletion may not occur when feral species are 
exposed to stress. | 

In these laboratories we have for several years been studying the wild strain 
of the Norway rat, domesticated strains of which species are commonly in use 
in laboratories throughout the world. The experiments to be reported here 
were designed to compare the effects of stress upon the adrenal cortex in both 
wild and domesticated strains of this species. Interest in the wild rat dates 
back at least 50 years, at which time the comparatively large adrenals of these 
animals were first reported (Watson, 1907). That wild rats do have adrenals 
approximately twice the size of those found in domesticated rats of equal body 
weight has been repeatedly confirmed (Hatai, 1914; King & Donaldson, 1929; 
Rogers & Richter, 1948; Woods, 1954), and it has been established that this 
difference in gland weight can be accounted for entirely by the amount of 
cortical tissue present (Donaldson, 1928; Rogers & Richter, 1948). So far, only 
a few attempts have been made to correlate this comparatively large amount 
of adrenal cortical tissue with the function of the organ (Rogers & Richter, 
1948; Nichols, 1948; Richter, 1950; Covian, 1949). It has been suggested 
(Richter, 1950; Covian, 1949) that the large amount of adrenal cortical tissue 
present in the wild rat may confer upon this animal an increased capacity to 
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withstand stress. On purely teleological grounds this suggestion appears to 
warrant consideration. The results reported here and others from long-term 
stress experiments (Woods, 1957) raise the question as to whether or not 
exposure to stress actually does result in increased adrenal cortical secretion 
in wild animals. 

MATERIALS AND METHODS 
Adult wild and domesticated Norway rats weighing between 150 and 500 g were used in these 
experiments. The wild rats were captured in the streets and alleys of Baltimore and were kept in 
the laboratory for at least 1 month before use. The domesticated rats were acquired from 
two sources. The majority came from the Richter colony; a few were from Carworth Farms 
stock. 
All animals were housed in individual cages during an experiment. Usually they were so 
housed for several days before an experiment so that food and water intake could be recorded 
as a check on their general health. 

In each experiment the rats were paired off with one wild and one domesticated rat in each 
pair. The pairs were then divided into experimental and control groups. Ordinarily, all of the 
experimental group in any one experiment were introduced into the experimental environment 
at once and then a pair of animals was removed for killing at appropriate times. In some 
cases (loud noise, fighting) this could not be done owing to limitations imposed by time or 
equipment. 

Unless otherwise stated, all animals were killed instantaneously by shooting them through the 
chest with a 0-22 calibre bullet. Immediately after they were shot, they were tied to a dissecting 
board and their adrenals were removed within 2 min. The adrenals were dissected free of extraneous 
tissue under a dissecting microscope and weighed to within 0-1 mg on a torsion balance. One 
adrenal was preserved in buffered neutral formalin (10%); the other was macerated in 4% meta- 
phosphoric acid for determination of ascorbic acid by a modification (Woods, 1954) of the method 
of Bessey & King (1933). The adrenals which were prepared in formalin were later halved for 


. histological preparations. One half was embedded in paraffin, sectioned at 7 », and stained with 


haematoxylin and eosin; the other was frozen, sectioned at 15 y, and stained with Sudan IV. 


RESULTS 


Exposure to cold. In a series of twelve experiments forty-one wild rats and 
forty-eight domesticated rats were exposed to low environmental temperatures 
for various periods of time up to 24 hr. For this purpose all the experimental 
animals were introduced, in their individual cages, into a walk-in type 
refrigerator (6 x 8 x 6 ft.). The temperature in this room varied between —2 
and 4° C. In experiments lasting several hours the door was opened often 
enough to prevent freezing of drinking water. At intervals of 0-5, 1, 2, 3, 6 
and 24 hr after the start of the exposure, a pair of rats was removed for 
autopsy. In addition, one experiment was carried out with wild rats only in 
which the exposure was for 12 hr. 

The ascorbic acid contents of the adrenals of these rats are given in Table 1. 
As expected on the basis of previous work by others, the concentration of 
ascorbic acid in the adrenals of the domesticated rats was rapidly diminished 
during the first 2 hr of exposure to cold and control concentration was regained 
during subsequent hours of continuous exposure. This is in striking contrast to 
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results obtained in the wild rat, in which no significant changes in adrenal 
ascorbic acid occurred during the same period under identical conditions, 
Microscopic examination of Sudan IV stained sections of the adrenals from 
these animals shows a comparable picture: whereas sudanophilic lipids were 
greatly reduced within 3 hr in the domesticated rats, no noticeable changes 
occurred in the adrenals of the wild rats. 


Tasiz 1. Effect of exposure to cold upon adrenal ascorbic acid 


in wild and domesticated rats 
No. of Exposure Adrenal ascorbic 
rats (hr) acid (ug/mg) Ps 
Wild rats 
12 0 3-55 + 0-23t 
5 1 3-46+0-41 >01 
4 2 3-55+0-45 >O1 
5 3 3-50+0-33 >01 
5 6 3-59+0-41 >O1 
5 12 3-88+ 0-32 
5 24 3-54+0-46 
Domesticated rate 
12 0 3-56+0-32 
6 1 2-06 +0-12 <0-001 
6 2 2-36 + 0-06 <0-01 
6 3 2-48+0-17 <0-01 
6 6 2-68+0-19 <0-02 
12 24 3-264 0-26 <0-1 


* Each experimental group compared to control group. 
T 8.8. of the mean. 


Auditory stimulation. In four experiments twenty-four pairs of rats were | 


studied after exposure to a loud noise. The experimental animals were intro- 
duced into a partially sound-proof chamber (3-5 x 2-5 x 25 ft.). The stimulus 
was provided by a police whistle connected to a compressed air line which 
passed through a small hole in the wall of the chamber. At the beginning of 
the exposure period, pressure in the line was raised to 300 mm Hg and this 
pressure was maintained throughout the experiment. This arrangement 
produced an extremely loud, shrill noise. An estimate of the intensity of the 
stimulus was made by comparing it with the sound emitted by an audiometer 
set at 1024 c/s. On the basis of such a comparison, the stimulus was estimated 
to be 70-80 db above the threshold of the experimenter. In each experiment 
a pair of animals was removed from the sound chamber after 15, 30, 60, 90 
and 120 min of stimulation. The controls were all killed immediately before 
the beginning of the stimulation. 

_ The ascorbic acid contents of the adrenals of these animals are shown in 
Fig. 1. The results are consistent with those from the experiments described 
above in that (1) a marked depletion of ascorbic acid occurred in the adrenals 
of the domesticated rats, and (2) no changes were detected in the wild rats. 
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Surgical operations. Highteen wild rats and six domesticated rats were 
subjected to surgical procedures under ether anaesthesia and adrenal ascorbic 
acid was determined 2 hr later. Two experiments were carried out. In the 
first six wild rats and six domesticated rats were unilaterally adrenal- 
ectomized through a dorsal approach. The wounds were closed with continuous 
sutures and the animals were returned to their cages. Two hours later they 
were again anaesthetized with ether and the remaining adrenal was removed 
for analysis. 


3 


} 


3 


Individual experiments; each point=1 rat 


of ascorbic acid in the adrenals in pg/mg 


ij j j 


o 8 100 120 

Time after start of stimulus (min) 

Fig. 1. To show the effects upon adrenal ascorbic acid of continuous auditory 
stimulation in wild and domesticated rats. 


Such a surgical procedure with the attending anaesthesia produced a sharp 
decrease (55°) in assayable ascorbic acid in the adrenals of the domesticated 
rats. The wild rats, in so far as adrenal ascorbic acid is concerned, were found 
not to be affected by such treatment. 

In the second experiment six wild rats were unilaterally adrenalectomized 
under ether anaesthesia through a ventral mid-line incision which extended 
from the xiphoid process to the urinary tubercle. After one adrenal was 
removed it was immediately dissected, weighed and macerated in the usual 
manner. During this period of time the contents of the abdominal cavity were 
left spread out exposed to room air. Before the wound was closed, the intestines 
were handled in a bruising manner between gloved fingers. The anterior 
abdominal wall was then closed with a continuous suture and the rats returned 
to their cages, Two hours later they were again anaesthetized and the remaining 
adrenal was removed for analysis. Six controls were anaesthetized with ether 
and both adrenals were removed immediately for analysis. It is of interest 
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that the concentration of ascorbic acid in these adrenals was the same as that 
found in the adrenals of rats which were shot in their natural habitat (Woods, 
unpublished). 

The results from these experiments show that the concentration of ascorbic 
acid in the two adrenals of a wild rat is approximately the same regardless of 
whether both glands are removed immediately following induction of ether 
anaesthesia, or one is removed immediately and the other removed 2 hr later 
after a second induction. Further, traumatizing the intestines at the initial 
procedure did not change the results. 

Electrical shocks and fighting. The adrenals of sixteen wild rats and of eight 
domesticated rats were studied after the rats had been subjected to 30 min 
bouts in the ‘fighting chamber’ designed by Richter (1950). The individual 
pairs of rats were placed in the chamber (9 x 9 x 16 in.) which has a metal grid 
for a floor. Alternate bars of the grid were connected to the terminals of the 
secondary coil of a Harvard inductorium so that mild electric shocks could be 
delivered at will to the feet of the rats. The shocks were tested on the experi- 
menter before the experiment and the secondary of the inductorium was set to 
produce a shock which was definitely unpleasant to the moistened fingers but 
below the threshold for muscular contraction. 

When wild rats are so stimulated they fight each other. Domesticated rats 
from our colony rarely fight under such conditions although they do protect 
themselves from assault if paired with a wild rat in the chamber. In these 
experiments each pair consisted of either two wild rats or one wild and one 
domesticated rat. Each pair of rats was kept in the chamber 30 min, during 
which time they were shocked every 5 sec. At the end of the period of stimu- 
lation the rats were returned to their living cages and kept for periods up to 
2-5 hr. They were then killed in the usual manner and their adrenals removed 
for analysis. 

Results from ascorbic acid determinations and from examination of 
Sudan IV preparations in these experiments are similar to the results in 
experiments using thermal and surgical stress. The domesticated rats showed 
evidence of marked adrenal activation in the fighting chamber, but no 
detectable changes occurred in the adrenals of the wild rats. 

Adrenocorticotrophic hormone. The effects of ACTH upon adrenal ascorbic 
acid was determined in twenty-two wild rats. Potency of the hormone 
preparation (Armour’s Lot J—potency stated to be 1 u./mg) was checked in 
sixteen domesticated rats. Since it had previously been determined that ether 
anaesthesia did not affect adrenal ascorbic acid in wild rats, these animals were 
lightly anaesthetized before injection of ACTH. This greatly facilitated the 
procedure since these animals are difficult and dangerous to handle in the 
normal state. The domesticated rats were not anaesthetized. ACTH was 
administered by intramuscular injection and 2hr later the animals were 
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killed in the usual manner. The results of ascorbic acid determinations are 
shown in Table 2. It is evident that, when given in sufficient amount, exo- 
genous ACTH is capable of lowering the concentration of ascorbic acid in the 
adrenals of wild rats. Although more animals must be studied before a dose- 
response relationship can be determined, the results certainly suggest that the 
dose of ACTH necessary to elicit a detectable change in the wild rat is consider- 
ably higher than the threshold dose for domesticated rats. This lot of ACTH 
gave a significant result in our colony of domesticated rats when administered 
Spheres” in the amount of 10 u./kg body weight. 


2. The effect Of intisinwscular ACTH on the concentration of 
ascorbic acid in the adrenals of wild rats 


No. of, Dose of ACTH Adrenal ascorbic acid 


rats (u./kg) (ug/mg) P 
7 0 3-78 +.0-16 
3 20 3-27+0-39 <01 
8 40 2-39+40-11 <0-001 
3 60 2-64 + 0-28 <0-01 
4 70 3-1540-19 <0-05 


TaB_z 3. The effect of continuous intravenous ACTH upon the concentration of ascorbic 
Ascorbic acid (ug/mg) 


No. of (ng awe 3-0 ml. 


rate % NaCl)  Leftadrenal Right adrenal 
4 0 3-76 40-16 3-6540-24 
4 15 3-644.0-21 2-064.0-17 


A few experiments were conducted in which ACTH was administered by 
continuous intravenous infusion. The results of ascorbic acid analyses (Table 3) 
indicate that far less hormone is required when this route of administration is 
used instead of the intramuscular route. This is in keeping with the findings of . 
other investigators working with other species (Ingle, 1950; Gordon, Kelsey & 
Meyer, 1951; Wilbur & Rich, 1953). Histological examination of the adrenals 
of wild rats which had been injected intravenously with ACTH continuously 
for 3 hr shows that such glands contain far less sudanophilic material than 
glands from control animals which had been infused with saline. 


DISCUSSION 


The finding that various forms of stress fail to bring about adrenal ssithonl 
metabolic depletion in wild rats but that ACTH does result in such depletion 
is open to at least two obvious interpretations. First, the stresses used may 
have been subthreshold for eliciting additional ACTH secretion in wild rats. 
Another possibility is that the comparatively large adrenal cortex of the wild 
tat may be able to ‘keep up’ with endogenous production of ACTH. We are 
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not at present in a position to choose between such alternatives. However, 
consideration of these results in the light of other available evidence allows for 
some speculation which may be meaningful. 


| The effects of acute stress in non-domesticated mammalian forms 

The alarm reaction as defined by Selye following his extensive observations 
upon domesticated animals includes an initial period of adrenal cortical 
depletion. Sayers & Sayers (1949) outlined several types of stress also as a 
result of studies carried out exclusively on domesticated rats and guinea-pigs. 
Sayers’s type 1 stress was a sudden, temporary period of ‘damage’ in which the 
adrenal cortex was initially depleted of ascorbic acid and lipid with subsequent 
recovery to control concentrations of these substances. These concepts appear 
to have gained wide acceptance in recent years. 

Several years ago Giroud & Santa (1939) performed experiments upon 
cats under conditions which were ideal for eliciting an alarm reaction. They 
found no evidence of adrenal ascorbic acid depletion. More recently, Zarrow 
& Baldini (1952), Josephson et al. (1949), Jailer (1949), Jailer & Boas (1950), 
Alpert (1950), and Kessler & Leathem (1952) have failed to find evidence of 
either ascorbic acid or lipid depletion following application of various stresses 
in non-domesticated animals. To these may now be added the failure of the 
author to find evidence of adrenal cortical depletion following periods of acute, 


severe stress in the wild strain of the very species which was originally used to _ 


demonstrate the phenomenon. Admittedly, it remains to be seen whether or 
not some degree of adrenal cortical activation occurs in wild rats and other 
non-domesticated species under conditions of acute stress. However, there 
seems to be little doubt now that in many feral species measurable depletion 
of adrenal ascorbic acid and lipids does not occur under such conditions. 
Finally, in any discussion of the adrenal cortex and stress, some work of 
Vogt (1951) which was recently confirmed by the author (Woods, 1954) must 
be considered. Vogt found that if domesticated rats are repeatedly exposed to 
_, @ mild form of stress they rapidly adapt to the stimulus so that, after seven or 
— eight times, a subsequent repetition of the stimulus fails to produce any change 
in adrenal cortical ascorbic acid, although the first application had evoked an 
almost maximum depletion. Thus it appears that even the domesticated rat, 
when removed from its highly protected environment, can adjust its homoco- 
static mechanisms so that a sudden change in the external environment no 
longer results in immediate metabolic depletion of the adrenal cortex. 


3 The role of the adrenal cortex in homoeostasis 
A great deal has been written about this subject in the past two decades and 
much attention has been paid to the activity of the pituitary-adrenal system 
in emergency states, One recent reviewer (Sayers, 1950) stated that the adrenal 
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cortex plays ‘...@ more ubiquitous role than the sympatho-adrenal med 

system...’ in the face of emergency situations. As a matter of fact, there is 
little direct evidence to support the concept embodied in such discussions. If 
one accepts such indirect measures as metabolic depletion of the adrenal 
cortex, then so far only the domesticated rat and guinea-pig can be shown to 
respond to acute stress with increased adrenal cortical activity. Although there 
are a few reports of changes in steroid hormone concentration in peripheral 
blood and urine under such conditions of stress, such results are difficult to 
interpret in terms of adrenal cortical secretion. Information from experiments 
in which circulating white cells are counted is even more difficult to equate 
with the secretory activity of the adrenal cortex. Until it can be shown, 
preferably in mammals other than domesticated laboratory animals, either 


_ that steroid concentrations in adrenal venous blood are increased during or 


following emergency states or that blood ACTH rises during such periods, it is 
probably unsafe to make general conclusions. 

Doubtless the steroid hormones of the adrenal cortex are necessary for many 
homoeostatic adjustments in mammals. However, it appears that there is a 
distinct possibility that many mammals possess well-adjusted homoeostatic 
mechanisms which are ‘set’ to take care of most, if not all, emergencies without 
resorting to large fluctuations in adrenal steroid production and certainly with- 
out metabolic depletion of the organ. At least this seems to be a possibility in 
the case of the wild rat, the cat, the mouse, the hamster, and some avian species. 
Richter (1954) has provided some evidence which has led him to the tentative 
conclusion that man, in general, is homoeostatically more comparable to the 
domesticated than to the wild rat. Until more direct measurements are made 
in several species including man, we shall not be in a position finally to decide 
whether stress in man produces effects which are similar to those observed in 
either domesticated or feral species. 


Ascorbic acid and lipid assays as a measure of 
adrenal cortical function 

It is not possible to evaluate changes in adrenal ascorbic acid and lipid 
content in terms of cortical hormone production. However, the work of 
Sayers and his colleagues leaves little doubt that physiological activation of 
the adrenal cortex via endogenous production of ACTH or the injection of 
foreign ACTH is followed by a decrease in the concentration of these substances 
in the adrenals of laboratory animals. 

If it is correct to assume that the adrenal cortex is activated in a normal 
manner following ACTH injection, then the finding that exogenous ACTH is 
effective in reducing the ascorbic acid and lipid content of the adrenals of the 
wild rat certainly indicates that the methods used in these experiments were 
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repeated failure to find evidence of activation under conditions of stress does 
not, of course, rule out the possibility that adrenal cortical activity was 
increased somewhat. However, if it was increased, then that increase was 
considerably less than that produced by the intravenous injection of 0-5 mg 
ACTH/100 g body weight/hr. 

The present findings with ACTH are not consistent with the results and 
conclusions of Zarrow & Baldini (1952) nor with those of Jailer & Boas (1950) 
who worked with avian species. Neither are they in agreement with the 
work of Alpert (1950) nor of Kessler & Leathem (1952) who worked with 
mammalian species. Although fairly large doses of ACTH were used by 
these workers (Zarrow, 40-50 mg/kg; Jailer & Boas, 25 mg per chicken; 
Alpert, 2 mg per hamster; Kessler & Leathem, 60 mg/kg), in no case was the 
intravenous route of administration chosen. As pointed out previously, 
continuous infusion has been shown repeatedly to be the most effective 
method for administration of ACTH. Further, as pointed out by Wilbur & 
Rich (1953), species differences in threshold to ACTH may be quite large. 

The failure of some workers to produce metabolic depletion of the adrenal 
cortex by ACTH injection in some animals does not necessarily invalidate the 
methods of assay used. In animals in which failures have been so reported 
it is necessary to reinvestigate the problem with larger amounts of ACTH 
preferably administered by continuous intravenous infusion. 

SUMMARY 

1. No metabolic depletion of the adrenal cortex occurred in wild Norway 
rats under conditions of acute stress which regularly produced depletion of 
adrenal ascorbic acid and sudanophilic lipid in domesticated rats. 

2. The administration of ACTH did result in ascorbic acid and lipid 
depletion of the adrenal cortex in wild rats, but the results suggest that a 
larger amount of hormone is necessary to produce the response in wild rats 
than is required in the domesticated strain. 

3. The validity of ascorbic acid and lipid assays as a method of detecting 
adrenal cortical activity is discussed. It appears that both assays are capable 
of detecting at least high levels of activity. 

4. Consideration of results in the light of available evidence from the 
literature suggests that in many mammals the alarm reaction does not include 
an initial phase of adrenal cortical metabolic depletion. This seems to be so in 


the case of the wild rat, the cat, the mouse, the golden hamster and in some 
avian species. 


This work was previously submitted to the School of Higher Studies of the Faculty of Philosophy 
at The Johns Hopkins University as part of a dissertation prepared in partial fulfilment of the 
requirements for the Ph.D, degree. Part of it was carried out during the tenure of « fellowship 
from the American Cancer Society. 


ALPERT 
han 
4 
anc 
CovIAN 
rep 
DonALt 
shi 
Group 
sup 
GorDON 
4 Pro 
Hartat, 
rat 
4 INGLE, 
inj 
a JAILER, 
N. 
JAILER, 
to 
JOSEPHS 
con 
Ma 
the 
Kixa, 
the 
NICHOLS 
Pro 
RICHTEE 
stre 
RICHTEE 
rat. 
RocERs 
3 wild 
SaYERrs, 
4 Sayers, 
52% 
Voer, 
co 
q Watson 
Wis 
in 
321 
Woops, 
No 
Joh 
Woops, 
acid 
dep 


ACUTE STRESS IN WILD RATS 399 


REFERENCES 
Aree, Observations on the histophysiology of the adrenal gland of the golden 
‘ 44, 168.176. 


cca wy & Kuna, C. G. (1933). The distribution of Vitamin C in plant and animal tissues, 
and ite determination. J. biol. Chem. 103, 687-698. 
Covian, M. R. (1949). “wy of emotional stress in the survival of adrenalectomized rats given 
replacement therapy. J. clin. Endocrin. 9, 678. 
Donaxpson, J. C. (1928). Adrenal gland in wild gray and albino rat: cortico-medullary relation- 
ships. Proc, Soc, exp. Biol., N.Y ., 26, 300-301. 
Group, A. & Sawra, M. (1939). L’acide ascorbique dans la medullo-surrénale. Ses 
supposées en fonction de son excitation. Bull. Soc. Chim, biol., Paris, 21, 1312-1317. 
Gorpon, E. 8., C. & he E. (1951). Adrenal stimulation by intravenous ACTH. 
Proc. 2nd Olin. AOTH Conf. 2, 
rat according to sex and variety. Anat, Rec. 8, 511-523. 
INGLE, D. J. (1950). Effect of administering ad rticotrophic hormone by continuous 
injection to normal rats. Amer. J. Physiol. 166, 165-170. 
Jarcer, J. W. (1949). The pituitary-adrenal relationship in the infant rat. Proc, Soc. exp. Biol., 
N.Y., 72, 638-639. 
mgr W. & Boas, N. F. (1950). The inability of epinephrine or adr rticotrophi 
to deplete the ascorbic acid content of the chick adrenal. Endocrinology, 16, 314-318. 
Joszpuson, B. §., Taytor, D. J., Greznserc, J. & Napew, E. M. (1949). The ascorbic acid 
content of the adrenal glands of chicks infected with Plasmodium gallinaceum. J. Nat, 
Malaria Soc. 8, 132-136. 
Kessizr, W. B. & Leatuem, J. (1952). An evaluation of adrenal response to ACTH and stress in 
the mouse. Fed. Proc. 11, 362. 
Kina, H. D. & Dowaupsonr, H. H. (1929). Life processes and the size of the body and organs of 
the gray Norway rat during ten generations in captivity.. Amer. Anat. Memoirs, No. 14. 
Nicnoxs, J. (1948). Quantitative chemical analysis of the adrenal glands of wild Norway rats. 
Proc. Soc, exp. Biol., N.Y., 68, 29-31. 
Ricutzs, ©. P. (1950). Domestication of the Norwa of 
stress. Res. Publ. Ass. nerv. ment. Dis, 29, 1 
pier’ C. P. (1954). The effects of domestication and selection on the behaviour of the Norway 
rat. J. nat. Cancer Inst. 15, 727-738. 
Rocers, P. V. & Ricurer, ©. P. (1948). Anatomical comparison between the adrenal glands of 
wild Norway, wild Alexandrine and domestic Norway rats. Endocrinology, 42, 46—55. 
Sayers, G. (1950). The adrenal cortex and homeostasis. Physiol. Rev. 30, 241-350. 
Sayers, G. & Savers, M. A. (1949). The pituitary-adrenal system. Ann. N.Y. Acad. Sci. 50, 
522-539. 
Voor, M. (1951). The effect of emotion and of beta-tetr hyd phthylamine on the adrenal 
cortex of the rat. J. Physiol. 114, 465-470. 
Warson, ©, (1907). A. note om the adrenal gland in the ret. J. Physiol. 35, , 290-888. 
badging M. & Rion, A. R. (1953). A study of the role of ad rticot ic hormone (ACTH) 
n the pathogenesis of tubular degeneration of the adrenals. Johns Fook Hosp. Bull. 93, 
321-336, 
Woops, J. W. (1954). Some observations on adrenal cortical function in wild and domesticated 
pare Bae 7 (Mus norvegicus and Mus norvegicus var. albinus). Doctoral Dissertation, The 
Johns Hopkins University, Baltimore. 


Woops, J. W. (1957). The effects of long-term exposure to cold upon adrenal weight and ascorbic 
acid content in wild and domesticated Norway rats. J. Physiol. 135, 384-389. 

Zannow, M. X. & Baxpri, J. T. (1952). Failure of adrenocorticotropin and various stimuli to 

_ deplete the ascorbic acid content of the adrenal gland of the quail. Endocrinology, 50, 555-561. 


A 
- 
4 


J. Physiol. (1957) 135, 400-411 


HOMOSYNAPTIC DEPRESSION OF THE MONOSYNAPTIC 
REFLEX FOLLOWING ITS ACTIVATION 


By F. B. BESWICK anv J. M. EVANSON 
From the Department of Physiology, University of Manchester 


(Received 19 September 1956) 


It is known that repetitive activation of a monosynaptic reflex pathway results 
in a diminished response if successive stimuli fall at intervals shorter than 
about 3 sec (Jefferson & Schlapp, 1953). This extends the observations of 
Eccles & Rall (1951) who showed that the monosynaptic response is depressed 
for about 3 sec after a single maximal group I conditioning volley. These 
findings mean that certain motoneurones, which respond to a conditioning 
volley, fail to respond to homosynaptic testing at intervals shorter than 3 sec. 
This might be because they are depressed by a long-lasting post-synaptic 
effect, or because a temporary reduction in the excitatory power of presynaptic 
endings follows their activation. Eccles (1953) has suggested that depletion of 
transmitter substance could explain the reduction in size and the experimental 
evidence now to be presented supports this view. 

Group I muscle afferents which may activate cells of their own muscle’s 
motoneurone pool are known also to produce direct facilitation of synergic, 
and inhibition of antagonistic motoneurones (Lloyd, 1946); Therefore it 
appeared desirable to investigate these heteronymous actions during repetitive 
group 1 volleys to determine whether they were altered and, if they were, to 
ascertain whether such changes as did occur would elucidate the nature of the 
phenomenon of post-activation depression. Preliminary reports of some of 
this work have already appeared (Beswick & Evanson, 19556; Evanson, 1956). 


METHODS 


Decerebrate cats, with and without low spinal transection, were used throughout these experi- 
ments. Monosynaptic reflex potentials were recorded from the central ends of the divided L7 and/ 
or §1 ventral roots in response to stinrulation of the central end of a divided muscle nerve. The 
preparation and technique were similar to those previously described (Beswick & Evanson, 
1955). 

Twenty responses were recorded from # ventral root on stimulating each of two synergic nerves 


(e.g. nerves to the medial head, M.H.G., and the lateral head, L.H.G., of gastr pectively) 
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separately at a rate of 12 stimuli/min. Stimuli were made just supramaximal for the monosynaptic 
response. The heights of the spikes were measured and the average was taken as the control value 
for each separate experiment. 

Interaction between volleys in synergic nerves was studied using conditioning and testing stimuli 
applied simultaneously or separated by intervals of up to 3-3 sec. Five seconds were allowed to 
elapse between consecutive tests in order to avoid the depression associated with repetitive 

RESULTS 


The results of one experiment, which are similar to those observed consistently 
in all flexor and extensor motoneurone pools tested, are illustrated in Fig. 1. 
The responses represented by open circles were obtained by applying a single 
conditioning volley, evoked at time zero, in the nerve to the M.H.G. and follow- 
ing it with a testing volley at various time intervals, in the nerve to the L.H.G. 
(heterosynaptic testing). The responses to testing stimuli represented by 


a 
- 
- 
a= 


- 
* 
- 
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% of control spike heights 


- % of control spike heights 


27003300 

Fig. 1. Heterosynaptic testing of L.H.G. motoneurones after one (©) and ten (@) conditioning 

stimuli to M.H.G. nerve: there is no significant difference between the two curves; the inter- 

rupted line represents the recovery of excitability of the homonymous pathway after one 

conditioning stimulus. Inset shows the first 70 msec of the recovery on an enlarged time 

scale, and shows that the duration of the facilitation appears to be reduced when ten con- 
ditioning stimuli are used. 


closed circles were obtained following heterosynaptic conditioning by 10 
volleys at 320/min in the M.H.G. This rate is known to cause intensification of 
the homonymous depression (Beswick & Evanson, 19555). The inset to the 
figure shows the early part of the recovery curve on an expanded time scale. 
Following a single conditioning volley there is early facilitation of the synergic 
response lasting some 20-30 msec (see inset), but subsequently the testing 
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synergic response remains at the control height. Following the 10 conditioning 
volleys, the period of facilitation is slightly shortened, but subsequent testing 
responses are again unaltered by the heterosynaptic volleys. The interrupted 
line in the main part of the figure represents the recovery of the homonymous 
response following a single conditioning volley (homosynaptic testing). It may 
be seen that there is no depression of the L.H.G. response after heterosynaptic 
conditioning, which indicates that the excitability of the motoneurones acti- 
vated by L.H.G. afferents has not been decreased by the previous M.H.G. 
volleys. This absence of synergic, or heteronymous, depression suggests that 
the reduction of the homonymous response is due to a change in the pre- 
synaptic elements. | 

The results also indicate that repeated volleys might alter both the time 
course and the extent of the facilitatory actions of group I volleys on synergic 
responses. In Fig. 1 the time course of the facilitation is shortened by repetitive 
conditioning stimuli; other experiments have revealed changes in the time 
course of facilitation under these conditions but the magnitude and even the 
direction of alteration have varied. These variations, which cannot be fore- 
seen, are always repeatable in a given preparation. 

The results suggest also that the extent of the facilitatory action of volleys in 
collateral fibres might be altered during repetitive stimulation. This too has 
been investigated by the following procedure. Control values for mono- 
synaptic responses to separate and simultaneous stimulation of the synergic 
nerves were obtained. One of the nerves was then stimulated at 320 shocks/ 
min and the synergist about every 5 sec, the test shocks being arranged to fall 
simultaneously with one of the rapid train of conditioning stimuli (see Fig. 2a). 
In this way facilitation which occurs between synergists, simultaneously 
stimulated at long time intervals, may be compared with that occurring when 
one of them is being repetitively activated at short intervals. 

Thirteen observations were made using synergic nerves in various combina- 
tions of pairs in six animals. On nine occasions the extensors (M.H.G. and 
L.H.G.) were tested and in four instances the flexors (hamstrings). In some 
instances L7 and $1 ventral root records were made simultaneously and in 
three decerebrate animals the investigation was carried out before and after 
low spinal transection. 

Rapid iterative stimulation (320/min) of either of a pair of flexor nerves 
combined with a low rate of stimulation (12/min) of the other nerve (see 
Fig. 2a) always resulted in a decreased amount of facilitation when compared 
with that observed with simultaneous stimulation of the same nerves at low 
rates. Similarly, the facilitation between M.H.G. and L.H.G. was always 
reduced by high rate stimulation of the L.H.G. nerve and low rate stimulation 
of the M.H.G. On three occasions when the M.H.G. nerve was subjected to 
high rate stimulation and the L.H.G. nerve stimulated at the low rate, the 
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facilitation exceeded that observed when both nerves were simultaneously 
stimulated at the low rate. 

The two types of findings are illustrated diagrammatically in Fig. 3a and b. 
The height of each column represents the response to simultaneous stimula- 
tion of both nerves (M.H.G. and L.H.G.), under the conditions described in the 
annotation. The height of the response, expressed in pV, is approximately 
proportional to the number of motoneurones contributing to the reflex dis- 
charge. The M.H.G. and L.H.G. responses evoked by separate stimulation of 
these nerves at the rate indicated in the annotation are shown at the base of 


a Ext. A Ext. B b Extensor Flexor 
Ext. A Ext. 
® Excitatory synapse © Inhibitory synapse 


Fig. 2. a: Method of testing mutual facilitation between afferents of two extensor motoneurone 
pools; the impulse in B is caused to fall simultaneously with one of the train in A. 6: Method 
of testing inhibitory effect of extensor afferent impulses on flexor motoneurone pool; the 
stimulus to the flexor muscle nerve is caused to fall at a short fixed time interval after one of 
the train in the extensor muscle nerve. 


each column (horizontal and vertical shading). The upper portion of each 
column (cross-hatching) therefore represents the difference between the sum of 
the separate responses and the response to combined testing, and is a measure 
of the facilitation between the two nerves under each set of conditions. Thus in 
Fig. 3a the mutual facilitation between M.H.G. and L.H.G. was equal to 
630.V, when the two nerves were stimulated at rates of 12 shocks/min. When 
the M.H.G. nerve was stimulated at the higher rate (320 shocks/min) and the 
L.H.G. nerve received 12 shocks/min, the facilitation was reduced to 500uV. 
When the conditions were reversed, the facilitation was still further diminished 
to 

Fig. 36 illustrates one of the few instances where the facilitation was increased 
by rapidly stimulating the M.H.G. nerve. The facilitation obtaining when 
both nerves were stimulated at 12 shocks/min was equivalent to 330”V; when 
the M.H.G. nerve was stimulated at 320 shocks/min in combination with the 
lower rate of stimulation of the L.H.G. nerve, the facilitation was increased to 
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500,V. It will be seen, however, that the facilitation was slightly reduced to 
290u.V when the conditions of the investigation were reversed. As a general 
rule it may be stated, that when the monosynaptic response of one of two 
synergic nerves is greatly in excess of the other, high rate repetitive stimula- 
tion of this branch combined with low rate stimulation of the other causes an 
increase in the facilitation between the two. 


a Facilitation 630¢V 
1 
800 
$ M. & L.H.G. 
$33 +> 
400 L.H.G. 320/min 
42/min | | UH.G. 320/min 
b 
Facilitation 330 mV 
1200 ‘ 


Facilitation 290 
M. & L.H.G. + 
12/min M.H.G. 12/min 


+ 
Facilitation 500 L.H.G. 320/min 


Or | 
MH.G. 320/min 


Spike height 


H.G. 12/min 


—— - 


M.H.G. 
320/min 

H.G. 
12/min 


Fig. 3. Diagram to illustrate the effect of repetitive stimulation on the mutual facilitation 
; between afferents to two extensor motoneurone pools (see text). 


_}L.H.G. 320/min=0 


The effects of repetitive stimulation up to rates of 320 shocks/min on the 
direct inhibitory action of group I volleys have also been investigated. Control 
values were obtained for the monosynaptic response to separate stimulation of 
nerves to a flexor and its antagonistic muscle (either nerves from M.H.G. and 
L.H.G. and tibialis anterior or femoral nerve and nerve to the hamstrings). 
A testing stimulus was then applied to one of the nerves after a single inhibitory 
conditioning stimulus had been applied to the antagonistic muscle nerves, 
and the time interval between the two stimuli was adjusted to give maximum 
inhibition of the testing response, the extent of which was measured when the 
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pair of stimuli were repeated at not less than every 5 sec. The conditioning 
stimuli were then applied at a rate of 320 shocks/min and at not less than every 
5 sec testing stimuli were applied to the antagonistic muscle nerve at the same 
fixed short time interval after one of the series of conditioning volleys (see 
scheme, Fig. 26). The extent of the inhibition was again measured. 

In Fig. 4 the control combined M.H.G. and L.H.G. response measured 
200V ; when maximally inhibited by a volley in the tibialis anterior nerve, its 
height was reduced to 88yV (cross-hatched portion). Thus the inhibited part 
of the response (vertical shading) was equivalent to 1224 V. When the nerve to 
the tibialis anterior was stimulated at 320 shocks/min and the M.H.G. and L.H.G. 


Spike height Inhibition Inhibition 
1224V 1224V 

200 
Inhibition by tib. Inhibition by tib. ant. 
ant. at 12/mi | at 320/min 

M..& L.H.G. M. & L.H.G. 
12/min ag 12/min 


Fig. 4. Diagram to illustrate the effect of repetitive stimulation on the inhibition of a single 
group | afferent volley in the nerve of an extensor (quadriceps) on a flexor (hamstrings) 
motoneurone pool. 


stimulus applied as in Fig. 2, the inhibition was still 122u.V, showing no 
diminution. The experiment was performed in seven animals and no significant 
difference was observed between the extent of the inhibition with conditioning 
stimuli at 12/min or at 320/min, although the homonymous response to the 
repeated conditioning volleys was, of course, reduced. 

In nine other experiments the time course of the inhibition was investigated. 
Fig. 5 was obtained from an experiment in which the time interval between the 
(last) conditioning stimulus and the testing stimulus was varied from 0 to 
10 msec; testing responses were obtained after one (@) and ten ( ©) condition- 
ing volleys at 320 stimuli/min, the time interval being changed randomly. There 
was no significant difference between the duration of the inhibition produced 
by one stimulus or the train of ten stimuli. 

The above experiments were performed in decerebrate and low spinal cats, 
no qualitative difference being observed in the results obtained in the different 
states. 
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0 2 4 6 8 10 
Stim. tib. ant. n. Time in msec 
Fig. 5. Inhibition of flexor (hamstrings) by extensor (quadriceps); see fig. 2b for method. Flexor 
monosynaptic responses recorded @, after one conditioning stimulus to extensor nerve, and 


O, after ten stimuli at 320/min. The time course and extent of the inhibition appear to be 
unaffected by the rate of application of conditioning stimuli. 


DISCUSSION 
While reduced responsiveness due to polysynaptic inhibitory mechanisms 
rarely persists beyond 100 msec (Hagbarth, 1952) it is somewhat surprising to 
find the simplest of spinal reflexes depressed for a period lasting 3 sec. There is 
no evidence to suggest that afferent volleys in group I fibres engender activity 
in internuncial circuits capable of exerting an inhibitory action on some 
motoneurones for such a period. 

Another site at which a comparably long depression occurs is the muscle end- 
plate. The second of two end-plate potentials (e.p.p.) is depressed for all inter- 
vals of less than 7 sec (Liley & North, 1953). Inhibitory action cannot be 
responsible for this phenomenon, and evidence has accumulated which suggests 
that prolonged reduction in responsiveness is due to temporary depletion of the 
excitatory transmitter substance (Eccles, 1953). 

Although it has not been shown that all post-synaptic potentials (p.s.p.) 
separated by intervals of less than 3 sec are depressed, Brock, Coombs & 
Kecles (1952) have observed that successive p.s.p.’s (of a repetitive series) 
decline during the first few volleys. Moreover, their intracellular records show 
that when a single p.s.p. is generated in a motoneurone by a group I afferent 
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volley, no hyperpolarization persists after 100 msec. This militates against the 
existence of a prolonged inhibitory mechanism. These facts suggest that the 
depression following monosynaptic activation of motoneurones is due to 
temporary depletion of a transmitter substance with consequent reduction of 
the excitatory power of presynaptic endings. It can be shown that such a 
postulate accords well with all the phenomena reported here. 

Consider first the results illustrated in Fig. 1. Any interpretation of experi- 
ments involving synergic testing must take into account the extent and 
distribution of heterosynaptic connexions. Heterosynaptic testing can be of 
value only if the motoneurones tested receive afferent fibres from the synergic 
conditioning pathway. Recently it has been shown that afferent fibres from 
one muscle may, under certain conditions, directly activate cells in the dis- 
charge zone of a synergist (Beswick & Evanson, 1955a; Lloyd & McIntyre, 
1955a, 6) through the action of collateral fibres terminating on these hetero- 
nymous cells. The fact that no depression follows heterosynaptic conditioning 
may be taken as strong evidence that the depression of the homonymous 
response is presynaptic in origin. It excludes inhibition from recurrent ventral 
root fibres activating Renshaw cells since their recurrent fibres are distributed 
to all motoneurones at the same segmental level (Eccles, Fatt & Koketsu, 
1954). 

The observation that the facilitatory effect of a group I volley on the syner- 
gic response is usually reduced by repetitive stimulation of the same nerve 
provides further support for the presynaptic localization of the depression, in 
that presynaptic impulses of reduced effectiveness are no longer capable of 
summating to threshold strength. The occasional finding of an apparent 
enhancement of the facilitatory effect during repetitive stimulation is also 
consistent with the ‘presynaptic hypothesis’. Consider some possible afferent 
connexions of two synergic motoneurone pools as illustrated diagrammatically 
in Fig. 6. Let it be assumed that a single stimulus applied to the afferent 
pathway A activates cell a; a single stimulus to B activates b and simultaneous 
stimulation of A and B causes all three motoneurones a, b and wu to fire. Thus, 
the facilitation corresponds to the number of motoneurones behaving like u 
(that is, being activated only by spatial summation). If now pathway B is 
stimulated at 320 shocks/min, the effectiveness of each presynaptic impulse is 
so reduced that 6 fails to fire. Ifa single shock is applied to A coincident with 
one of a series of shocks in B, then all these motoneurones might respond to this 
simultaneous stimulation, depending on the excitatory power of collateral 
endings. Thus if 6 is activated the apparent facilitation would be greater than 
that obtaining when both nerves were stimulated at 12 shocks/min. Thus an 
apparent increase in facilitation may be seen even though repetitive stimula- 
tion has rendered presynaptic impulses in one pathway less effective. The fact 
that this is an unusual finding indicates that in most other instances the 
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motoneurones shed into the subliminal fringe by repetitive stimulation of one 
pathway do not receive afferent connexions from the synergic pathway 
sufficient to activate them under these conditions. 

Recent work by Fuortes & Hubel (1956) has shown that the first stimulus of 
a train applied to a muscle nerve may cause a single neurone to fire, but as the 
rate of stimulation is increased, it becomes less likely that any stimulus other 
than the first will activate the cell. This supports the concept of transmitter 
depletion occurring with repetitive stimulation. Although the phenomenon is 


Afferent 
B 


Zl > 


Ventral root 
Fig. 6. Diagram representing distribution of afferent connexions to motoneurones in the spinal 
cord by which it is possible to explain the observations on monosynaptic excitatory 
pathways. 


commonly found in flexor motoneurone pools, it does not always occur in the 
extensor pools of animals with good decerebrate rigidity, which suggests that 
there may be differences between extensor and flexor motoneurone pools in 
the arrangement of afferent fibres and their endings. The results presented in 
this present paper suggest a similar state of affairs: an increase in facilitation 
associated with repetitive stimulation has only occurred in extensor moto- 
neurone pools, which, in its turn, suggests that the collaterals to these are more 
powerful, and therefore more likely to activate cells by summation of their 
effects. Further confirmatory evidence of this view is that the activation of 
heteronymous motoneurones during post-tetanic potentiation occurs much 
more readily in extensor motoneurone pools than in flexor (Beswick & 
Evanson, unpublished). 

It is pertinent to inquire how repetitive motoneurone firing, encountered 
physiologically in so many parts of the nervous system, can be engendered 
despite the postulated temporary depletion of synaptic transmitter. The 
above examples in Fig. 6 are worked out on the simplest possible pattern, but 
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in fact, the distribution of afferent fibres in the spinal cord is extremely complex 
and permits many more homo- and hetero-synaptic connexions than are 
represented. However, no matter how complex the connexions, the fact 
remains that a neurone behaves in an ‘all or none’ manner, the critical factor 
being the degree of depolarization which the presynaptic impulses are capable 
of producing. In a motoneurone pool a single monosynaptic afferent volley 
may cause all grades of excitation, but volleys repeated at certain rates 
become progressively less effective until a fairly constant reduced response is 
obtained (Jefferson & Schlapp, 1953). When this state is reached, these volleys 
may still produce grades of excitation ranging from suprathreshold to minimal 
but some neurones previously just suprathreshold will now be only subliminally 
excited, and only capable of activation by summation. If it is assumed that the 
effectiveness of each synaptic knob is equally reduced by repetitive stimula- 
tion it is clear that the apparent excitability of each motoneurone will be 
reduced in inverse proportion to the number of knobs affecting it, so long as 
the same afferent fibres are activated. 

The afferent volley evoked by an electrical stimulus comprises synchronous 
impulses in fibres of similar size, whereas under natural conditions afferent 
volleys reaching a motoneurone pool are both temporally and spatially dis- 
persed. (As Barron & Matthews (1938) pointed out, ‘even one of the most 
synchronous sensory volleys occurring naturally, that resulting from a tendon 
tap, is much more asynchronous than that resulting from electrical stimula- 
tion.’) It has been shown that motoneurones may be activated by spatially 
dispersed volleyseven though they are of reduced effectiveness. Temporal disper- 
sion of impulses arriving at motoneurones will ensure that not all monosynaptic 
elements on the soma are rendered less effective at the same time. Ultimately 
the maximum rate of discharge of a motoneurone will be determined by the 
duration of the refractory period of the cell itself. It may be concluded that 
electrical stimulation and recording reveal a prolonged homosynaptic depres- 
sion because the synchronous afferent volleys simultaneously activate all the 
synaptic knobs. 

The mechanism of central inhibition has been the subject of much specula- 
tion. Previous theories, such as the presynaptic interference hypothesis 
(Renshaw, 1946) and the Golgi cell hypothesis (Brooks & Eccles, 1947) 
have been falsified by the observation of Brock et al. (1952) that central 
inhibition is associated with hyperpolarization of the motoneurone. The latter 
workers have suggested that inhibition, like excitation, is mediated by a 
_ chemical transmitter. A recent investigation in the Australian school (Eccles, 
Fatt & Landgren, 1954) has suggested that the ‘direct’ inhibitory pathway, 
mediating group I inhibition (Lloyd, 1946), probably contains a single inter- 
neurone. The first synaptic relay in this inhibitory pathway has a high safety 
factor, for some interneurones appear to respond to very small group I volleys 
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and to continue to respond during repetitive stimulation at rates greater than 
those which have been used in the experiments described here. This may 
partially account for the sustained inhibitory effect of repeated group 1 volleys 
observed in these experiments but it must be remembered, that if the inhibitory 
pathway is disynaptic, the effect of repetitive discharge of the interneurone on 
the effectiveness of its synaptic connexions with the anterior horn cell must 
also be considered. If these synaptic endings in fact cause inhibition by 
liberating a transmitter substance, either this substance is less susceptible to 
depletion, or the distribution of inhibitory synaptic knobs on the moto- 
neurone soma is sufficiently dense to compensate for any temporary depletion 
that may take place. Another possible explanation might be that the trans- 
mitter substance is so potent that, even if it is depleted, the smaller quantity is 
still capable of hyperpolarizing a cell to a level which the homosynaptic 
excitatory volley is incapable of overcoming. 

Under the conditions of this investigation reduction of the excitatory power 
of presynaptic elements of group I muscle afferent fibres seems to have been in 
evidence; under other conditions enhanced excitatory power may be en- 
countered (post-tetanic potentiation, Lloyd, 1949). It may well be that 
changes in the effectiveness of presynaptic impulses are of equal importance to 
variations in the excitability of the ventral horn cell in determining whether 
or not a neurone is activated (see also Granit, 1956). 

It is concluded that the post-activation depression of the monosynaptic 
pathway is caused by decreased excitatory power of the presynaptic endings 
on the homonymous motoneurones and that this is paralleled by a similar 
alteration in the effect of excitatory collateral fibres on heteronymous moto- 
neurones. There is no such alteration apparent in the “ee of inhibitory 
collateral fibres under similar conditions. 


SUMMARY 


1. Certain reflex effects of repetitive stimulation of group I afferent fibres 
from muscles have been investigated in decerebrate cats with and without 
low spinal transection. 

2. The depression associated with repetitive stimulation at frequencies 
between 20 and 320 shocks/min is restricted to the homosynaptic path- 
way. 

3. At these rates of stimulation the early facilitatory effect of group | 
afferent volleys (on the synergic homosynaptic reflex response) is usually 
reduced, but under certain circumstances there is an apparent increase in 
facilitation. 

4. The most likely explanation of these phenomena is a reduction in the 
excitatory power of the presynaptic endings. 
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5. The direct inhibitory effect of group I volleys shows no change under 
similar conditions. Thus, the inhibitory power of these presynaptic endings is 
not reduced during repetitive stimulation at these rates. 

6. It is suggested that changes in transmitter potentiality of synaptic 
endings are important in determining reflex excitability. 


Our thanks are due to Professor W. Schlapp for his advice and criticism, and to Messrs E. C. Y. 
Chen and C. McNamara for preparation of the figures. 
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CHANGES IN CONFIGURATION OF SPONTANEOUSLY 
DISCHARGED SPIKE POTENTIALS FROM SMOOTH 
MUSCLE OF THE GUINEA-PIG’S TAENIA COLI. THE 
EFFECT OF ELECTROTONIC CURRENTS AND OF 
ADRENALINE, ACETYLCHOLINE AND HISTAMINE 


By EDITH BULBRING 
From the Department of Pharmacology, University of Oxford 
(Received 27 September 1956) 


Autorhythmicity can be produced in many excitable tissues by introducing 
conditions in which the membrane potential becomes unstable. The most 
extensive studies have been carried out on nerve and on striated muscle, both 
of which normally have a very stable membrane but which in a calcium- 
deficient medium become rhythmically active. In this condition the behaviour 
of striated muscle resembles in some respects that of a continuously dis- 
charging sensory organ. The smooth muscle of the longitudinal layer of the 
intestine shows the same behaviour normally. Its membrane potential is very 
unstable, there is a spontaneous rhythm of spike potentials, and it responds to 
a number of stimuli by varying the frequency of its spontaneous discharge of 
impulses, The tension which the muscle produces in isometric conditions is 
directly proportional to the spike frequency, and the rate of discharge depends 
on the state of polarization of the membrane. A good correlation exists 
between the three variables: tension, membrane potential and spike frequency, 
but little is known about the size and the configuration of the spike potentials. 
A study has therefore been made to see whether the duration of the individual 
spike bears any relation to the tension produced, and whether the spike 
configuration undergoes changes which can be related to stimulation or 
inhibition of activity. A short report of the results obtained was given to the 
XXth International Physiological Congress in Brussels (Biilbring, 1956). 


METHODS 


All experiments were done on isolated smooth muscle strips taken from the taenia coli of the 
guinea-pig, in most experiments not exceeding 3 mm length in situ. The volume of the bath was 
2 ml., and bathing solutions flowed continuously at a rate of 2 ml./min. Thus any substances 
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added were washed away. This method and that of taking intracellular records was the same as 
those described earlier by Bilbring & Hooton (1954), and Bilbring (1954). The method of recording 
the tension and of applying electrotonic currents was described by Biilbring (1955). 


RESULTS 
Spike potentials during spontaneous activity 

All preparations were set up under 3—5 g initial tension and showed spontaneous 
activity. The action potentials which were recorded varied in size from less 
- than 1 mV to 35 mV, They never caused a reversal of the membrane potential, 
and the percentage depolarization from the starting level, produced by the 
spike, was not proportional to the absolute membrane potential. However, 
the spikes arising from a low membrane potential were usually smaller than 
those arising from a high potential. 


Fig. 1. Taenia coli. Intracellular records: spontaneous discharge of spike potentials 
(a) and (b) from the same preparation; (c) from another muscle. 


The duration of the spike potentials and the slope of the rising and falling 
phase were equally variable. While the rise time to an average peak of 10 mV 
was between 7 and 35 msec the return to the base line lasted from 7 to 300 msec. 
The rate of repolarization could be either greater or less than the rate of rise. 
If it was fast it led to a phase of after-hyperpolarization lasting several hundred 
msec. 

As a rule the spikes were preceded by a slow depolarization which varied in 
slope and in degree from being scarcely perceptible to a well-defined prepoten- 
tial (Fig. 1a, 6). Slow waves of depolarization of the membrane were of three 
kinds. The fastest changes occurred at a rate of about 1/sec and they usually 
led to the discharge of a spike potential, i.e. they were the prepotentials. The 
second type of slow potential changes was rarely seen; in this the waves were 
not regular, they occurred at intervals of 2-10sec and had apparently no 
relation to the spike discharge (Fig. 1c). The third type of slow fluctuations of 
the membrane potential was associated with the pendular activity, the full 
cycle lasting 1~3 min (see Fig. 3). These waves were definitely correlated with 
the rate and configuration of the spikes. 
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The most frequently observed form of discharge consisted of single spikes 
like those in the upper record of Fig. 2, but they greatly varied in height. In 
many preparations, however, especially when the membrane potential was 
low, double spikes were recorded, the second spike occurring before the 
repolarization of the first was complete, thus arising from a plateau (see Fig. 8). 


10 mV 


| 


| 


Fig. 2. Varying spike configuration; upper record, in the same fibre of one preparation ; lower 
record, in different fibres of another preparation; frequency of spike discharge in (a) 18-8, in 
(b) 20-8, in (c) 16-5, in (d) 17-8/10 sec; these changes occurred within 5 min. 


A real plateau like that seen in heart muscle was rarely observed. If it was 
seen it appeared to be simulated by an abortive second spike which then, in an 
adjoining discharge, could be discerned more clearly. Examples are shown in 
the lower record of Fig. 2 and in Fig. 13. Occasionally more than one addi- 
tional spike arose from the plateau. Fig. 3 shows in the upper record the phase 
of rising tension, and in the lower record the phase of falling tension during 
spontaneous pendular activity. Spike potentials at first were less than 4 mV; 
each was followed by a small increment in tension. Gradually the hyper- 
polarization following each spike which at first amounted to 0-5 mV increased, 
and after the 8th spike on the upper record a conspicuous change took place. 
The potential rose, the hyperpolarization following the 9th spike now amounted 
to 2 mV and the spike size was doubled. The interval between spikes increased. 
The tension which had at first increased in steps following each spike reached 
its peak after the 9th spike, remained there for 3 sec, and then declined steeply. 
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During the relaxation shown in the lower record, which is the direct continua- 
tion of the upper part, the spikes were more widely spaced and not every one 
was followed by an increase in tension which thus no longer summated. 


Fig. 3. Record of tension and electrical activity (intracellular electrode). Upper record rising 
phase, lower record falling phase of pendular cycle: the two records are continuous; for 
description see text. (Broken line in upper record when tension record was reset to bottom of 
screen.) 


0 + 


Fig. 4. Effect of electrotonic currents (100 »A) on spike frequency and configuration in relation 


to the tension, Changes of polarity every 20 to 60 sec: upper; (1) normal, (2) 20sec -, 
(3) 30 sec +; middle; 60 sec + and reversal of polarity; lower; (1) 30 sec +, (2) 5 sec off. 


The effect of changes in polarization of the membrane 

When the muscle was exposed to electrotonic currents the size and con- 
figuration of the spike potentials underwent similar changes as during spon- 
taneous fluctuation of the membrane potential. In the experiment from which 
records were taken for Fig. 4 weak electrotonic currents were applied. Anattempt 
was made to imitate the spontaneous fluctuations by reversing the polarity 
every 20-60 sec. The change in the appearance of the spikes was a decrease in 
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size and a slowing of the rate of repolarization when the membrane was 
depolarized; this was associated with a rise in tension. On the other hand, 
when the membrane was polarized, the spike height increased and the rate of 
repolarization became faster; each spike was followed by a phase of hyper- 
polarization; this was associated with a fall in tension. The tendency to 
discharge multiple spikes was increased during cathodal stimulation. The 


or 


mV 
b 


Fig. 5. Spike potentials recorded at 20 sec intervals (read from below upwards). In (a) - 25 »A 
was applied for 60 sec; in (b), 15 min later, +50 A was applied for 60 sec (two records 
without spikes omitted). 


spikes changed to plateaus of depolarization lasting up to 500 msec on top of 

which there were double or triple spikes. The delay in repolarization resulting 

from application of cathodal currents as compared with the faster rate of 

ee as a result of anodal currents is shown on a faster time base in 
ig. 5. 

Strong anodal currents stopped the spike discharge. Preceding their 
reappearance slow waves of potential changes were sometimes observed (see 
Fig. 6). These were presumably prepotentials due to electrotonic spread from 
neighbouring already active fibres, as will be discussed below. 


The effect of adrenaline 
Adrenaline slowed or stopped the spike discharge. The height of the spike 
potentials was reduced until they finally disappeared, but this effect was some- 
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times preceded and often followed by a phase in which the spikes were 
increased in size. Such an effect is shown in Fig. 7. The relation between 
the rate of spike discharge, the change in membrane potential and spike size 
is shown in Fig. 7 (a) in which the points (a to m) on the graph correspond to 
the spike potentials shown in (6). During the first rise in membrane potential 
the spike discharge ceased; during the secondary rise, which occurred as the 
adrenaline was washed away, the spikes were double the size of those before or 
after. As with anodal polarization, slow waves of depolarization often preceded 


the reappearance of the spikes, and later gave rise to spike potentials as seen 
in the centre record of Fig. 75. 


1 SEC 


40 sec 60 sec 


Fig. 6. Strong anodic polarization (+100 ,A) for 1 min stopping spike discharge. Return of 
spikes, while still polarized, was preceded by slow waves of potential changes. 


Adrenaline shortened spike duration. When paired spikes were discharged, 
as in the experiment illustrated in Fig. 8, the first effect of adrenaline was to 
suppress the second spike, then the first spike also disappeared. One minute 
later slow waves were noticed ; when spikes reappeared they were at first single 
and when they formed pairs the spikes were sharper than before. The effect of 
adrenaline increasing the rate of repolarization is illustrated in Fig. 9a, to be 
compared with Fig. 9b showing the action of acetylcholine which was given 
about 15 min later. 


The effect of acetylcholine and histamine 

Both these substances, like cathodic polarization, increased thc rate of spike 
discharge, decreased their height and prolonged their duration chiefly by 
slowing the rate of repolarization. This is shown for acetylcholine in Fig. 96, 
and for histamine in Fig. 10. In the latter experiment the preparation was 
very active and, in relation to its varying spike frequency, produced varying 
spike shapes, the two extremes being shown in the first two records of Fig. 10. 
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(a) 
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Fig. 7. The effect of adrenaline, initial concentration 1 x 10-*, (a) on membrane potential, spike 
frequency and spike size, (b) on spike configuration 


(no discharge omitted). 
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After the administration of histamine the gradually progressing delay in 
repolarization is shown in five successive spikes, changing the configuration to 
one not normally seen. As the histamine effect passed off and spike discharge 
slowed (third spike in Fig. 106) the duration became distinctly shorter. This 
was followed by a period when double spikes were discharged. Only 17 min 
after histamine was given the preparation reverted to single spikes, which 
were briefer than initially. 
Adr. 


| 


mv 
2 min 3 min 5 min 


Fig. 8. Records of electrical activity and tension. The effect of adrenaline (initial concentration 
2:25 x 10~*) abolishing spike potentials and shortening their duration when they reappear; 
this is preceded by slow waves. Same experiment as Fig. 11. 

The striking similarity between the effect of acetylcholine and that of 
cathodic polarization is seen by comparing Fig. 4 with Fig. 11. The depolariza- 
tion and increase in spike frequency often led to irregular discharges, the 
duration of depolarization was prolonged to form a plateau which sometimes 
lasted as long as 1 sec and on which multiple spikes occurred. While adrenaline 
changed the condition of a preparation from producing paired spikes to firing 
single ones, acetylcholine had the opposite effect and changed single spikes to 
pairs. Repolarization was delayed and the next spike arose before the mem- 
brane potential had returned to its previous level. In Fig. 12 the administra- 
tion of acetylcholine led to depolarization and increased frequency of spike 
discharge. While the tension increased, the rate of repolarization of the spike 
potentials was slowed. Plateaus were seen carrying two or more spikes (tension 
off screen). At the peak of the tension (adjusted, to be visible on screen) the 

Spike frequency already diminished; repetitive firing ceased and after- 

hyperpolarization appeared as the muscle relaxed. There followed a short 
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Tension (a) Spikes Tension (b) Spikes 
(g) an 
min min 
80 
3-4 81 
ACh-> 


94 30 
“700 msec 
Fig. 9. The effect of (a) adrenaline, initial concentration 1 x 10~*, increasing the rate of repolariza- 
tion and (b) that of acetylcholine, initial concentration 2x 10-*, slowing the rate of 
repolarization. 


‘ 8:7 13-4 Histamine 47:3 
10 
mV 
(2) 
(b) 
1-4 15-7 157 150 109 


Fig. 10. The effect of histamine, initial concentration 5 x 10-’, increasing the rate of spike 
discharge (number per 10 sec is given with each record) and delaying repolarization. Spikes 

_, in lower record were recorded 40 sec, 1 min, 2} min, two successive 4 min, 17 min and 18 min 
after histamine was given. 
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Fig. 12. The effect of acetylcholine on electrical activity and tension. 1 min after the injection of 
ACh tension record off the screen; it was readjusted so that the record shown at 2 min is 1 g 


higher than the corresponding levels on the other records. 


14 
Fig. 11. Records of electrical activity and tension. The effect of acetylcholine, initial concentration 
5 x 10-*, prolonging the spike duration to a plateau carrying several spikes. Same experiment 
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period during the 4th minute when the size of the spikes was increased. This the w 
period of increased spike height was usually of short duration; it happened | (Prosi 
during the 3rd—5th minutes and, probably because of its transience, was not from | 
seen every time. In Fig. 13 the increase in spike height took place already | 4mm 
during the period of repetitive firing. Spike potentials varied between 3 and | actior 
6 mV before acetylcholine was given. While the frequency increased they be- with c 
came very small and of long duration, producing irregular plateaus. During i 1933; 
the 3rd minute they grew in size while the frequency was still fast, and finally, of po 
during the 5th minute, as the impulse discharge slowed, the spike height was affect: 
16 mV. It then declined rapidly. | poten 
ferent 
only 
The 
1 min 3 min 4min S min 6min | tetani 
Fig. 13. The change in spike configuration caused by acetylcholine, initial concentration taenia 
8 x 10-7: read from below upwards. Note reduced spike size, increased duration and repeti- (Hoyl 
tive firing, followed by a large increase in spike height. Wit 
A slow 
DISCUSSION with t] 
The spike potentials which intestinal smooth muscle discharges spontaneously repola: 
resemble those of other tissues with autorhythmicity in that they are preceded 7 has ro 
by a phase of slow depolarization of the membrane. If the prepotential is the spike. 
characteristic of a pacemaker every smooth muscle cell appears to have this is inéol 
quality. lating 
Bozler (1948) has pointed out that most visceral muscles behave like single that pl 
muscular units, and this view has recently been once more substantiated for tions ¢ 
the dog’s stomach (Ichikawa & Bozler, 1955). According to Prosser, Sperelakis Arvani 
& Bergman (1955) intestinal smooth muscle does not constitute a syncytium cells of 
and intercellular bridges shown in electron-micrographs have double cell Ont 
membranes and no fibrillar continuity. Nevertheless, muscular conduction and ms 


proceeds in plexus-free circular intestinal muscle of the cat at 5 cm/sec, and in with x 
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the ureter of the rat at 3-4 cm/sec, nervous conduction: being ten times faster 
(Prosser, Smith & Melton, 1955). Brune & Kotowski (1956), who recorded 
from guinea-pig colon and taenia in situ, found a conduction velocity of only 
4 mm/sec. Ephaptic conduction of electrically induced as well as spontaneous 
action potentials was recently demonstrated by Prosser (1956). In analogy 
with observations made in calcium-deficient striated muscle (Adrian & Gelfan, 
1933; Bilbring, Holman & Liillmann, 1956) one might assume that slow waves 
of potential changes spread across sites of low resistance from cell to cell, 
affecting large numbers of cells simultaneously and initiating local spike 
potentials in each individual cell. This mechanism would be essentially dif- 
ferent from that in the heart where the slow depolarization normally develops 
only in the pacemaker cells and initiates the propagated response which is 
conducted along a syncytium. 

The slow potential changes occurring at the rate of, and leading up to, the 
spike deflexion are to be distinguished from the much slower changes pro- 
ceeding over @ wider range and taking 1-3 min for the full cycle. The origin of 
these ‘pendular’ fluctuations is unknown, but their effect on the rate of 
discharge and on the configuration of spike potentials appears to be similar to 
that produced by opposite electrotonic currents and by antagonistic pharmaco- 
logically active substances. 

The mechanism by which changes in tension are linked to the membrane 
changes is unknown. Each spike is followed by a small production of tension. 
The total change in tension is a function of spike frequency and is built up by 
summation or, at high frequencies, by fusion of single contractions. The 
tetanic nature of smooth muscle contraction has been shown not only for the 
taenia coli but recently also for pregnant uterus (Jung, 1955) and for mytilus 
(Hoyle & Lowy, 1956). 

With the changes in frequency the spikes undergo changes in configuration. 
A slower rate of repolarization of each spike prolonging its duration is associated 
with the production of tension. As the rate of discharge is fast and the rate of 
repolarization is slow the next spike may arise before the membrane potential 
has returned to its previous level. The tension rises in steps following each 
spike. As they arise in quick succession the steps summate because relaxation 
is incomplete before the next increment occurs. Under the influence of stimu- 
lating substances or cathodic currents repolarization may be so much delayed 
that plateaus develop carrying varying numbers of spikes. Similar configura- 
tions to those recorded from smooth muscle have recently been described by 
Arvanitaki & Chalazonitis (1955) in rhythmically discharging giant ganglion 
cells of Aplysia under the influence of depolarization. 

On the other hand, a fast rate of repolarization, shortening the spike duration 
and merging with a prolonged phase of after-hyperpolarization, is associated 
with relaxation. The recovery from the after-hyperpolarization may be 
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continuous with the slow depolarization leading up to the next spike. The greater 
the after-hyperpolarization the more the next spike will be delayed and thus 
the rate is slowed. Each spike may still be followed by a production of tension, 
but this disappears before the next one arrives, consequently the tension does 
not build up. The degree of relaxation is a function of the intervals between 
spikes. In heart muscle the changes in configuration of the action potential 
produced by stimulation of autonomic nerves (Hutter & Trautwein, 1955) or 
by transmitter substances (Webb & Hollander, 1956) are in the opposite 
direction to those in smooth muscle. Acetylcholine and vagal stimulation 
which depress the contractions of the heart muscle decrease the duration of 
the action potential and accelerate repolarization, while adrenaline, in general, 
has the opposite effect and slows repolarization as it increases muscular 
contraction. 

It is tempting to speculate that recovery processes concerned with active 
ion transport are already in progress during the falling phase of the action 
potential. Studies of the rate of uptake of “K (Born & Biilbring, 1956) have 
shown that this is reduced in those conditions when the rate of repolarization 
is slowed, and that potassium influx is increased in those conditions in which 
the rate of repolarization is fast and the spike is followed by prolonged 
hyperpolarization. As the mechanical change appears also to be related to the 
rate of repolarization of the spike potentials, it may be that the metabolic 
processes involved in active ion transport are also playing a part in the linkage 
between the membrane and the mechanical manifestations. 


SUMMARY 

1. The configuration of the spike potentials discharged by the isolated taenia 
coli of the guinea-pig has been studied using intracellular electrodes. 

2. During spontaneous activity the spikes were preceded by a slow mem- 
brane depolarization (prepotentials) varying in slope and in degree. They were 
often followed by a prolonged period of after-hyperpolarization. | 

3. Spike size and configuration depended on the state of polarization of the 
membrane. 

4. The spontaneous fluctuations of the membrane potential, the application 
of opposite electronic circuits, and the administration of antagonistic pharma- 
cological substances produced qualitatively similar effects. 

5. A delay in the repolarization of the spike potential occurred during 
spontaneous phases of depolarization as well as during cathodic current 
stimulation and after the administration of acetylcholine or histamine. The 
longer duration of the spike potentials was associated with a faster rate of 
discharge and with the development of tension. 

6. A fast rate of repolarization and the appearance of an after-hyper- 
polarization following each spike occurred during spontaneous phases of rising 
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membrane potential, as a result of anodic polarization and after the admini- 
stration of adrenaline. The shorter duration of the spike potentials was 
associated with a slow rate of discharge and with muscular relaxation. 


I wish to thank Mr O. B. Saxby and Mr D. Groves for their most careful technical assistance. 
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RELATION BETWEEN THE BILIARY CLEARANCE RATE OF 
THYROXINE AND THE BINDING OF THYROXINE BY THE 
SERUM PROTEINS 


By N. B. MYANT 


From the Medical Research Council Experimental Radiopathology Research Unit, 
Hammersmith Hospital, London, W. 12 


(Received 1 October 1956) 


When thyroid hormone is injected intravenously into animals there is an 
increase in the excretion of organic iodine in the bile and faeces (Elmer, 1938). 
Gross & Leblond (1950) have shown that in rats the proportion of an injected 
dose of thyroxine excreted in the faeces varies with the amount of thyroxine 
in the injection. This suggests that the rate of excretion of thyroxine in the 
bile may be influenced by the plasma concentration. In this investigation the 
biliary clearance rates of radioactive thyroxine and radioactive triiodo- 
thyronine were measured in rats after injections with varying amounts of 
carrier. In an attempt to explain the observations on the clearance rate, the 
binding of thyroxine and triiodothyronine by the serum proteins of rats was 
also investigated. 
METHODS 


Adult rats of the Wistar strain were used. All measurements of the clearance rate were made 
while the rats were under ether anaesthesia. Bile was obtained by tying a fine polythene cannula 
into the bile duct and allowing the bile to drip into a weighed vessel. Since the rat has no gall 
bladder, all the bile secreted by the liver passed through the cannula. Blood samples were 
obtained by cardiac puncture. For experiments on the biliary clearance of endogenous thyroid 
hormone, 100-200uc of carrier-free I as iodide was injected into the peritoneum 24 hr before 
the bile duct was cannulated. The plasma from some of these rats was examined chromato- 
graphically at the time of the clearance measurement. Samples of the untreated plasma were 
chromatographed in the solvent mixture of butanol and pentanol, as described under Chroma- 
tography. Apart from a small peak at the origin, also observed on chromatograms made from 
plasma to which radioactive thyroxine had been added in vitro, the radioactivity was confined 
to peaks at the thyroxine and iodide markers with, in a few cases, a small peak at triiodothyronine. 
Other samples were analysed by extraction with butanol at pH 4. The amount of ™I extractable 
by butanol was not significantly different from the amount extractable from rat’s plasma to 
which ™I-labelled thyroxine had been added in vitro. From these two analyses it may be con- 
cluded that abnormal radioactive substances resulting from the irradiation of the thyroid were 
not present in the plasma of the rats 24 hr after the injection of radio-iodide. 
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Measurement of biliary clearance rate. The rate at which the liver removes radioactive thyroxine 
from the plasma and excretes it into the bile, either as unchanged thyroxine or as its break-down or 
‘conjugation products, may be expressed as the biliary clearance rate. After injections of radio- 
active thyroxine the biliary clearance rate was estimated as the product : bile/plasma ™I concentra- 
tion ratio (B/P ratio) x rate of flow of bile. The bile was collected continuously during 10 min 
intervals, and the B/P ratio estimated as the ratio: (I concentration in bile sample) divided by 
(plasma “*I concentration half way through the sampling interval). The errors in this method of 
estimating the clearance rate have been discussed elsewhere (Myant, 1956). When the clearance 
rate of endogenous thyroid hormone was measured, some of the ™I in the plasma was still in the 
form of iodide. In these conditions radioactive hormone and radio-iodide were estimated separ- 
ately as precipitable and non-precipitable I, after addition of trichloroacetic acid to the plasma. 
- The concentration of the biliary “*I derived from the plasma radio-iodide was taken to be equal 
to the concentration of radio-iodide in the plasma. This was based on the finding that after 
injections of radio-iodide into untreated rats, the bile/plasma concentration ratio averaged 
105+0-11 at 10-20 min after the injection. The concentration ratio was not altered if non- 
radioactive thyroxine was injected with the radio-iodide. 

Preparation of materials. L-Thyroxine labelled with “I was prepared essentially according to 
the method of Gross & Leblond (1950). After the second precipitation the material was dissolved 
in ammonia and purified by chromatographic separation on filter paper, with butanol, pentanol 
and ammonia as solvents. The section of the paper containing the radioactive thyroxine was 
eluted with dilute ammonia and concentrated by distillation under reduced pressure. 353’-Tri- 
iodo-L-thyronine labelled with I was prepared by the iodination of diiodo-t-thyronine with 
radioactive iodine under the same conditions as those used for preparing radioactive thyroxine, but 
with 0-6 mole of iodine per mole of diiodothyronine. The radioactive triiodothyronine was puri- 
fied by paper chromatography. The specific activity of the radioactive thyroxine and triiodo- 
thyronine varied from 1 to 10uc/yg. The radioactive material, with or without added carrier, was 
dissolved in a few drops of ammonia and diluted with physiological saline to give the appropriate 
concentration in a volume of 0-5—2-0 ml. at pH 7-5-8-5. At the highest concentrations of thyroxine 
used, the injections were given as soon as the solutions were prepared, because a precipitate 
tended to form within a few minutes. Non-radioactive L-thyroxine and triiodo-L-thyronine were 
obtained from Glaxo Laboratories Ltd. | 

Chromatography. All chromatographic analysis was done with ascending strips of Whatman | 
No, 3 MM paper in one dimension. For the analysis of plasma I and for the purification of radio- 
active materials, the solvent mixture was n-butanol (2 vol.) and n-pentanol (1 vol.) saturated 
with 2N-ammonia. For the analysis of bile, freshly distilled f-collidine (100 ml.) and water 
(37 ml.) in an atmosphere of ammonia were used (Taurog, Briggs & Chaikoff, 1952). Markers of 
thyroxine, triiodothyronine, or iodide were mixed with the radioactive material before it was put 
on the paper. The markers were stained by diazotized sulphanilic acid (Gross & Leblond, 1951). 
Radioactivity along the chromatogram was measured with a continuously recording scanner. 

Electrophoresis. The binding of radioactive thyroid hormone by the plasma proteins was studied 
by paper electrophoresis in Perspex tanks similar to those described by Wieland (1948). The 
radioactive serum (0-02 ml.) was put on strips of filter paper 4 cm wide and run for 18 hr at 100 V 
and 2 mA at pH 8-6 with barbiturate buffer (30 g Na barbiturate, 20 g Na acetate.3H,O, 210 ml. 
0-1 x-H,SO,, to 3 1. with water), or at pH 7-5 with borate buffer (660 ml. (0-2 m-H,BO,, 0-067 m- 
Na,SO,) +23 ml. 0-2 m-NaOH, to 980 ml. with water). The papers were dried and the radio- 
activity measured along each strip by means of a continuously recording scanner. The bands of 
protein were then located by staining with naphthalene black. Some of the papers were stained 
for polysaccharide by the method of Koiw & Grénwall (1952). 

Measurement of radioactivity. All samples were made up to 10 ml. with water and measured in 
4 M.R.C. scintillation counter with a sodium iodide crystal. The precipitates of protein-bound 
*I and the portions of liver were first digested in 2N-NaOH on a steam-bath for about 1 hr. 
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RESULTS 
Clearance rate of exogenous L-thyroxine 
When the bile duct was cannulated 10 min after an intravenous injection of 
1-2yug of labelled thyroxine, the ™I concentration in the bile was between 
2 and 3 times the plasma ™*I concentration, and the bile flow averaged 
0-7 ml./hr (Fig. 1): the biliary clearance rate was, therefore, about 2 ml. 
plasma/hr. If a second injection of 104g of non-radioactive thyroxine was 
given 20 min after the first injection, the B/P ratio rose within 10 min to 
3 or 4 times the initial value. Since there was no change in the bile flow, the 
biliary clearance rate increased in proportion to the increase in the B/P ratio. 


1 20 4 50 ae 


Tome after cannulation (min) 


O, B/P ratio; +, Biliary clearance 
(mi./br) 


Fig. 1. B/P ratio, biliary clearance rate, and bile flow, after injection of lug radioactive thyroxine; 
atrow ¢ shows injection of 10ug non-radioactive thyroxine. 


When the bile was collected for more than 1 hr the B/P ratio usually fell 
towards the end of the collection period. The bile flow remained more or less 
constant during the first half hour, but decreased during the second half hour 
unless the tip of the cannula in the bile duct was moved frequently. 

If the amount _of non-radioactive thyroxine in the second injection was 
increased, there was a greater rise in the B/P ratio (Fig. 2). In one experiment 
the B/P ratio rose to 79-4 after an injection of 2 mg of thyroxine, the clearance 
rate rising to 49-1 ml. plasma/hr. The relation between the B/P ratio and the 
amount of thyroxine injected was investigated in more detail by measuring 
the B/P ratio 20 min after single injections of radioactive thyroxine with vary- 
ing amounts of carrier. The B/P ratios observed after injections containing 
1 ug-2 mg of thyroxine are shown in Fig. 3. Fig. 3 also includes observations 
made after injections of non-radioactive thyroxine into rats in which the 
endogenous thyroid hormone in the circulation was labelled by ™I (see next 
section). With increasing doses of thyroxine the B/P ratio rose to about 25 
when 100g of thyroxine were injected. With larger amounts of thyroxine 
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the increase in the B/P ratiowas less marked, but the results suggest that even 
with 2 mg of thyroxine the curve had not reached its maximum. Owing to 


the low solubility of thyroxine the effects of larger quantities of thyroxine 
were not investigated. 


B/P ratio 
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10 20 30 4 
t Time after cannulation (min) 
Fig. 2. B/P ratio after injection of 1 ug of radioactive thyroxine, showing effect of an injection of 
non-radioactive thyroxine ¢ 20 min after cannulation. Number in brackets, ng of thyroxine 
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Fig. 3. B/P ratio: (1) in normal rats after injection of varying amounts of radioactive thyroxine, 
and in rats with radioactive endogenous thyroid hormone after injection of non-radioactive 
thyroxine (©); (2) in rats with radioactive endogenous hormone after injection of non- 
radioactive triiodothyronine (@); vertical lines show s.z. of mean where three or more 
observations made. Inset shows same results on larger scale. 
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Clearance rate of endogenous thyroid hormone 

When the bile duct was cannulated 24 hr after injection of radio-iodide, 
the B/P ratio of endogenous thyroid hormone was found to remain more or less 
constant for at least 1 hr (Fig. 4). In twenty-six rats, the B/P ratio averaged 
2:2+0-4 and the biliary clearance rate averaged 1-86 + 0-48 ml. plasma/hr. 
If non-radioactive thyroxine was injected after the resting clearance rate had 
been measured, the B/P ratio increased to a maximum value within 20 min 
of the injection, but the bile flow did not change (Fig. 4). The maximum B/P 
ratio increased as the amount of thyroxine in the injection was increased, and 
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Fig. 4. B/P ratio of radioactive endogenous thyroid hormone: A, without injection of carrier; 
0, with an injection of 50ug non-radioactive thyroxine (indicated by arrow). 


90 100 


the B/P ratio after a given amount of thyroxine was the same whether the 
thyroxine was injected into normal rats as labelled exogenous thyroxine 
(above), or as non-radioactive thyroxine into rats in which the endogenous 
thyroid hormone was labelled. This suggests that exogenous thyroxine 
exchanges rapidly with circulating endogenous thyroid hormone. For this 
reason, the observations on exogenous and endogenous hormone have been 
grouped together (Fig. 3). 

The effect of an injection of non-radioactive triiodothyronine on the B/P 
ratio of endogenous thyroid hormone was compared with the effect of thyroxine. 
In these experiments the B/P ratio was measured 20 min after the injection. 
A given dose of triiodothyronine was found to have a much smaller effect than 
the same dose of thyroxine, especially when the dose was less than 100g 
(Fig. 3, inset). 


Clearance rate of exogenous triiodo-L-thyronine 
The B/P ratio observed after an injection of a small amount of radioactive 
triiodothyronine was much greater than that observed after the same dose of 
thyroxine, but an injection of non-radioactive truodothyronine given some 
time after the first injection had little or no influence on the B/P ratio. Fig. 5 
shows an experiment in which the B/P ratio was measured from the 10th minute 
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after an injection of 1 wg of radioactive triiodothyronine. A second injection 
of 2 mg of non-radioactive triiodothyronine was given 35 min later and the 
observations continued until the 100th minute. During the whole period of 
observation the B/P ratio fluctuated about a more or less constant average 
value of 50, the rate of bile flow averaging about 0-7 ml./hr. The clearance rate, 
therefore, remained at about 35 ml. plasma/hr during the whole experiment. 
The concentration of "I in the plasma fell to about half its initial value in the 
first hour during which observations were made. 

; In a similar experiment, an injection of non-radioactive thyroxine was 
given 40 min after the injection of radioactive triiodothyronine. The B/P 
ratio was unaffected by the injection of thyroxine. 
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Time after cannulation (min) 
Fig. 5. B/P ratio, plasma ™ I concentration and bile flow after injection of lug radioactive 
triiodothyronine, followed by 2 mg non-radioactive triiodothyronine (indicated by arrow). 


| The absence of any clear relationship between the B/P ratio and the amount 
of carrier injected is also shown in experiments in which the B/P ratio was 
measured between the 10th and 20th minute after single injections of radio- 
active triiodothyronine with varying amounts of carrier (Fig. 6). Although 
the B/P ratio varied from 38 to 106, there was no correlation between the 
B/P ratio and the amount of carrier injected when the dose varied from 


lpg to 2 mg. 


Liver/plasma ™1 concentration rato 

In a few experiments the concentration of total 'I was measured in 
biopsies of the liver taken 30-60 min after single injections of radioactive 
thyroxine or radioactive triiodothyronine. After injections of radioactive 
thyroxine with 1-100yg of carrier, the liver/plasma ‘I concentration ratio 
Varied from 0-8 to 2-3 (Fig. 7). With larger amounts of carrier the ratio 
appeared to increase slightly, but the highest value observed (4-1 with 2 mg 
_ of carrier) was much less than the bile/plasma ratio observed at the same time 
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in the same rat. After injections of radioactive triiodothyronine the liver/ taken 
plasma 2I concentration ratio was a little higher (Fig. 7), but likewise was prope 


several times less than the bile/plasma ratio in the same rat. The ratio of the 4 mate 
concentration of total J in the liver to the concentration of protein-bound the s: 
131] in the plasma was measured in rats after the thyroid hormone in their inject 
circulation had been labelled with I . The ratio averaged 1-51 + 0-43. of rat 
the tl 
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Fig. 6. B/P ratio after injection of radioactive triiodothyronine with amounts of carrier 
ranging from 1 to 2000 yg. 
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Fig. 7. Liver/plasma ratio: O, in normal rats after injection of varying amounts of radioactive 


thyroxine; @, in rats with radioactive endog s thyroid hormone but no injected thyroxine ; 7 

0, in normal rats injected with radioactive triiodothyronine. been 

by R 

Chromatographic analysis of 4°11 in the bile and t 


Taurog et al. (1952) have shown that the bile of rats given injections of solve 
thyroxine labelled with "I contains at least two radioactive compounds, in (Ry ( 
addition to free radioactive thyroxine. One of these compounds has been shown Th 
by Taurog et al. (1952) to behave in a manner to be expected ofa glucuronideof } the 1 
thyroxine. Another is probably tetra-iodothyropyruvic acid (Roche, Michel & from 
Tata, 1954). In order to see whether the high clearance rate of thyroxine cases 
depends on its conversion to these substances by the liver, samples of bile abser 


2 
© 100F° 
° re) 
“, 
4 
0 
q re! 
4 re) 


BILIARY CLEARANCE RATE OF THYROXINE 433 


taken after an injection of radioactive thyroxine were chromatographed. The 
proportion of the total radioactivity in the various fractions was then esti- 
mated roughly from the heights of the peaks of radioactivity. In most cases 
the sample was taken between 60 and 90 min after the injection. After an 
injection containing less than 100g of thyroxine, three clearly defined peaks 
of radioactivity were always present. There was a peak at the position of 
the thyroxine marker (Ry 0-6), and another (peak II, Fig. 8a) at Ry 0-4 cor- 
responding roughly with the position of the glucuronide of thyroxine as 
judged from the autoradiographs made from their chromatograms by Taurog 
et al. (1952, their fig. 2). The other peak (III, Fig. 8a), at Ry 0-5, may have 


a Thyroxine lodide 


Thyroxine lodide 


Rad 
Solvent front 


Radioactivity 
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Fig. 8. Radioactivity along paper chromatogram of rat’s bile. Solvents: collidine and water in 
an atmosphere of NH,; position of markers as shown; peaks of radioactivity as described in 
text; horizontal scale adjusted to give the same distance between origin and solvent front 
on the two chromatograms, 


been due to radioactive tetra-iodothyropyruvic acid, since this has been shown 
by Roche et al. (1954) to move to a position about half way between thyroxine 
and thyroxine glucuronide when the mixture of collidine and water is used as 
solvent. Two other peaks were sometimes observed, one at the iodide marker 


(Ry 0-7) and one at Ry 0-1 (I, Fig. 8). 


The amount of carrier given with the injection had no consistent effect on 
the relative heights of the different peaks when the dose of carrier varied 
from 1 to 100g. The peak at the iodide spot was the most variable. In some 
cases it was almost as high as the peak at thyroxine, whereas in others it was 
absent. With larger doses of carrier, peaks II and III tended to become less 
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prominent, and with doses of 1-2 mg peak III was usually absent and peak II 
became much smaller than the peak at the thyroxine spot (Fig. 80). 

Similar results were obtained with bile taken from rats in which the endo- 
genous thyroid hormone in the circulation was radioactive. The heights of the 
thyroxine peak and peak II were about equal, and the relative heights of the 
peaks were not changed consistently by an injection of 100ug of thyroxine 
given 1 hr before the bile sample was taken. 

A few chromatograms were made from bile samples taken from rats injected 
with radioactive triiodothyronine, with triiodothyronine instead of thyroxine 
as marker. The results were similar to those obtained with radioactive thy- 
roxine. The triiodothyronine marker moved with the same Ry value as 
thyroxine, the same peaks of radioactivity were present, and their relative 
heights did not differ consistently from those observed with radioactive 
thyroxine. 


Paper electrophoresis of plasma I 

It might be possible to explain the effect of increasing amounts of carrier 
on the biliary clearance rate of thyroxine if the biliary excretion of thyroxine 
is influenced by the firmness with which it is bound by the serum proteins 
(see Discussion). Accordingly, the combination between radioactive thyroxine 
and the serum proteins was investigated by paper electrophoresis. 

In the barbiturate buffer at pH 8-6 the albumin moved farthest towards 
the anode, appearing as a well-defined band when the paper was stained with 
naphthalene black. Behind this was another band of about the same width and 
of equal or greater intensity (band A,, Fig. 9). Two other bands were always 
present behind this: a narrow faint band (A,, Fig. 9), and a stronger one 
(B, Fig. 9). There was also a faint diffuse band behind B (G, Fig. 9). In some 
cases, when A, and A, were well separated, a faint band appeared just in 
front of A,. 

When the paper was stained for polysaccharide, the stain was taken up 
strongly at the A, band, but nowhere else along the paper. When 1-anilino- 
naphthalene-8-sulphonic acid (ANS, 2 moles/mole of albumin) was added to the 
serum before electrophoresis, the area of fluorescence observed after electro- 
phoresis coincided exactly with the albumin band. If there was much haemo- 
lysis in the sample, the haemoglobin could be seen as a yellow stain at the 
position of the B band with, occasionally, a faint stain at the A, band. These 
observations suggest that the A bands correspond to the « components of 
human serum since the « proteins contain polysaccharide (Blix, Tiselius & 
Svensson, 1941) and do not bind ANS at low concentrations (Fildes, Laurence 
& Rees, 1954), and that the B band corresponds to the 8 component of human 
serum since the latter has been shown to bind haemoglobin in serum from 
haemolysed blood (Christenson, W. N., personal communication). 
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With barbiturate buffer, the radioactivity observed after electrophoresis 
of serum from rats injected with lug of radioactive thyroxine was present 
mainly as a single peak at, or just behind, the A, band. Radioactivity also 
extended over much of the albumin band. When larger doses of carrier were 
injected, an increasing proportion of the radioactivity appeared over the 
albumin, and with 50-100 wg of thyroxine a second peak appeared ahead of the 
main one. The separation between the main peak of radioactivity and the 
albumin band could not be improved by changing the pH or the ionic strength 
of the barbiturate buffer. With the borate buffer, however, the A, band was 
found to merge with the rear of the albumin and both moved well ahead of 


the main peak of radioactivity (Fig. 10). All subsequent observations were 
made with borate buffer at pH 7-5. 


Fig. 9. Rat’s serum after separation by paper electrophoresis in barbiturate buffer at pH 8-6. 
Protein bands stained with naphthalene black; lettering, see text. 


With borate buffer, serum taken from rats after their endogenous thyroid 
hormone had been labelled with ™I showed a sharp peak of radioactivity 
(first peak) behind the A, band (Fig. 10a). Most of the activity was concen- 
trated beneath this peak, but there was always some activity at the A, and 
_ albumin bands. In a few cases this gave a small peak on the descending limb 
of the first peak. When non-radioactive thyroxine was injected into these 
rats before the blood sample was taken, an increasing proportion of the radio- 
activity appeared on the A, and albumin bands as the dose of thyroxine was 
increased. With 35 wg a second peak was always present; with 100 ug the second 
peak was about as high as the first ; with 500 wg the second peak was the higher ; 
' with 2 mg the first peak was reduced to a small hump on the ascending limb 
of the second peak and small peaks often appeared over the B and G bands 
(Fig. 106-d). Since the main peak of radioactivity behind the A, band 
overlapped with that on the A, and albumin zones, it was not possible to 
show whether or not there was any displacement of radioactivity with doses 
of 10 ug or less. 

Similar results were obtained with serum from normal rats injected with 
doses of radioactive thyroxine containing varying amounts of carrier. A few 
observations were also made on samples of rat’s serum to which radioactive 
thyroxine had been added én vitro. When the concentration of thyroxine was 
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A, Albumin 


Distance towards anode 


Fig. 10. Paper electrophoresis of rat’s serum in borate buffer at pH 7-5, with curves showing 
radioactivity along the paper. a-e, serum from rats with radioactive endogenous hormone: 
a with no injection of thyroxine; 6 with 35yug; ¢ with 100yug; d with 2 mg thyroxine; 
e with 500ug triiodothyronine; f, serum from normal rat after injection of 2ug radioactive 
triiodothyronine: vertical scale adjusted to make the tallest peaks approximately the same 
height. 
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0-5.g/ml., the second peak was just visible. When the concentration was 
10.g/ml. the height of the second peak relative to that of the first was about 
the same as when 500g of radioactive thyroxine was injected in vivo. 

When non-radioactive triiodothyronine was injected into rats after their 
endogenous thyroid hormone had been labelled, the displacement of radio- 
activity towards the albumin was much less than that observed when the 
same amount of non-radioactive thyroxine was injected (Fig. 10e). With 
serum from rats injected with radioactive triiodothyronine, or with serum to 
which radioactive triiodothyronine had been added in vitro, most of the radio- 
activity was confined to a broad band over the B and G bands (Fig. 10/). 
With some of the samples a distinct peak was also observed behind the A, band, 
but the results were rather variable. 


DISCUSSION 


Biliary clearance rate of endogenous thyroid hormone 

These observations show that the biliary clearance rate of endogenous thyroid 
hormone averages about 2 ml. plasma/hr under physiological conditions. In 
normal rats this volume of plasma contains some 0-lyg thyroxine. Since 
Dempsey & Astwood (1943) have shown that a rat’s thyroid makes about 5g 
thyroxine per day, or 0-2ug/hr, it seems that nearly half the thyroxine secreted 
by the thyroid is removed by the liver and excreted in the bile. This conclusion 
fits in with the observations made by Albert & Keating (1952) on the rate at 
which exogenous thyroxine disappears from the plasma. Since the faecal 
clearance rate of endogenous thyroid hormone is probably between 0-5 and 
1-0 ml. plasma/hr (Myant, 1957), a large proportion of the iodine excreted 
in the bile must be reabsorbed. Despite reabsorption, however, the net loss 
of thyroxine resulting from the biliary excretion may account for up to 25% 
of the 5ug that the animal’s thyroid has to replace each day. This might 
suggest that the thyroid has to make more thyroxine than the body uses. 
However, it is possible that thyroxine or its derivatives in the bile carry out 
some useful function in passing through the intestine, or that a variable rate 
of excretion and reabsorption is necessary for the rapid adjustment of the 
plasma concentration of thyroxine. 


Clearance rate of exogenous thyroxine and exogenous triiodothyronine 
The experiments on the biliary excretion of exogenous thyroxine show that 
when the dose is increased from 1 to 100yug the clearance rate rises nearly 
thirtyfold. In other words, the efficiency of extraction increases with increas- 
ing load. The efficiency of extraction would be bound to fall when the load 
exceeded the maximum rate at which the liver can move thyroxine from the 


plasma to the bile. But Fig. 3 suggests that this point is not reached with 
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injections of 2 mg of thyroxine. In one experiment the clearance rate, when 
first measured after an injection of 2 mg, was 54 ml./hr. It follows that if the 
dose is diluted in 20 ml. of plasma the capacity of the liver to remove thyroxine 
from the plasma cannot, in this rat, have been less than 5-4 mg/hr, since this 
is the amount that would have been present in 54 ml. of plasma. 

A possible reason for the unexpected relationship between clearance rate 
and dose injected is suggested by the different effect of thyroxine and triiodo- 
thyronine on the clearance rate of endogenous hormone. Thyroxine causes a 
marked and immediate rise in the biliary clearance rate, whereas triiodo- 
thyronine has a smaller effect unless a large dose is injected. 

It has been shown that the thyroid hormone in human plasma is bound to a 
fraction of the serum proteins that moves to a position between the «, and a, 
zones on electrophoresis in barbiturate buffer (Gordon, Gross, O’Connor & 
Pitt-Rivers, 1952; Larson, Deiss & Albright, 1952; Horst & Résler, 1953). It 
has also been shown that this protein (thyroxine-binding protein, or TBP) 
binds a limited amount of thyroxine, and that thyroxine bound to TBP is 
exchangeable with free thyroxine added to the plasma. When thyroxine, 
in excess of the quantity that the TBP can bind, is added to human serum 
containing radioactive thyroxine, the radioactive thyroxine on the TBP is 
displaced and becomes bound to the albumin, Triiodothyronine has been 
shown to have a lower affinity than thyroxine for TBP (Larson & Albright, 
1955). When, therefore, non-radioactive triiodothyronine is added to human 
serum containing radioactive thyroxine, the radioactivity is not displaced to 
the same extent. The results obtained with the barbiturate and borate buffers 
(Figs. 9, 10) suggest that the electrophoretic fractions of rat’s serum, including 
TBP, are similar to those in human serum, although rat’s serum is much richer 
in the protein corresponding to the a, fraction. With the highest doses of 
thyroxine the albumin appears to be saturated, some of the thyroxine becom- 
ing bound to the other protein fractions in the serum (Fig. 10d). As with 
human serum, the affinity of triiodothyronine for TBP seems to be less than 
that of thyroxine, since it does not displace radioactive thyroxine from TBP 
as readily as thyroxine does (Fig. 10c; cf. e). 

If thyroxine is cleared at a higher rate when bound to albumin than when 
bound to TBP, the observed clearance rate of thyroxine should rise as the 
proportion bound to albumin increases. This would explain why the clearance 
rate rises with increasing doses of carrier, and why a given dose of triiodo- 
thyronine has a smaller effect on the clearance rate than the same dose of 
thyroxine. The difference in the clearance rate of thyroxine, according to 
whether it is bound by strong bonds to TBP or by weaker bonds to albumin, 
might depend on the ease with which the liver can detach thyroxine molecules 
from their binding sites. Alternatively, the plasma thyroxine, while sti! 
bound by the serum proteins, might have to pass through some barrier more 
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permeable to albumin than to TBP. Such a barrier could consist of the walls 
of the blood capillaries or of the liver cells. 

On this hypothesis, as the dose of carrier is increased, the observed clearance 
rate should rise from a value equal to the clearance rate of thyroxine bound 
to TBP, towards a maximum equal to the clearance rate of thyroxine bound 
to albumin. When the thyroxine is equally divided between TBP and albumin, 
the clearance rate should be equal to the average of the clearance rates of 
thyroxine on TBP and on albumin. The observations in Figs. 3 and 10 agree 
roughly with these predictions. The curve in Fig. 3 is about half way towards 
its maximum with a dose of 50-100yug, and with this amount of radioactive 
thyroxine the radioactivity is about equally divided between TBP and the A, 
and albumin bands (Fig. 10c). | 

Fig. 3 suggests that the clearance rate of thyroxine on albumin is about 
35 ml./hr (since the B/P ratio approaches a maximum of about 50 and the bile 
flow averages 0-7 ml./hr) and that the clearance rate of thyroxine on TBP is 
about 2 ml./hr. However, Fig. 10a shows that some radioactivity is present 
at the A, and albumin bands in the absence of added carrier. This suggests 
that even at the lowest clearance rates observed, some of the thyroxine was 
bound to albumin, and that the clearance rate of thyroxine bound to TBP is, 
therefore, less than 2 ml./hr. On the other hand, the radioactivity observed 
on the A, and albumin bands in Fig. 10a may have been due to radioactivity 
bound to TBP that had been incompletely separated from the other serum 
fractions moving ahead of it. 

Although the observations are consistent with the hypothesis put forward 
to explain them, it must be pointed out that the relation between clearance 
rate and dose injected could be explained in other ways. More direct evidence 
could be obtained by seeing whether purified TBP reduces the high clearance 
tate observed with a large dose of thyroxine. 

In one of the experiments with radioactive triiodothyronine, a clearance 
tate of 70 ml./hr was observed. Since the plasma flow to the rat’s liver (esti- 
mated from the data of Grayson, 1952) is about 330 ml./hr, this suggests that 
the efficiency of extraction of triiodothyronine may exceed 20%. The difference 
between the biliary clearance rates of thyroxine and triiodothyronine may be 
telated to the difference between their distributions on the serum proteins 
(Fig. 105; cf. f). On the other hand, the liver may extract triiodothyronine 
by a mechanism that is uninfluenced by the way in which it is bound by the 
serum proteins. 


Significance of the excretion of thyroxine glucuronide 
It seems clear that the excretion of the glucuronide into the bile is not an 
essential part of the mechanism by which the liver removes thyroxine from 
the plasma. Taurog et al. (1952) observed that the proportion of the "I in 
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the bile, excreted as the glucuronide, decreases when large doses of carrier are 

injected with radioactive thyroxine. This is confirmed by the results reported 
here. With 2 mg of thyroxine, very little of the "I excreted in the bile appears 
as thyroxine glucuronide, yet the clearance rate is near its maximum. It is 
possible that the formation and breakdown of the glucuronide is an essential 
step in the transport of thyroxine across the liver cells, and that some of the 
glucuronide diffuses out of the cells into the bile without being broken down. 
However, if this is so, it is difficult to see why the excretion of the glucuronide 
in the bile is least when the rate of clearance of thyroxine is highest. It is 
simpler to suppose that the active transport of thyroxine does not depend on 
its conjugation with glucuronic acid, but that a limited amount can be 
conjugated during its passage through the liver. 


SUMMARY 


1. The biliary clearance rates of radioactive thyroxine and radioactive 
triiodothyronine, labelled with ™I, were measured in rats after cannulation 
of the bile duct. 

2. With 1g of carrier the clearance rate of thyroxine was 2 ml. plasma/hr. 
As the amount of carrier was increased, the clearance rate increased to a 
maximum of 35-40 ml./hr with 2 mg of carrier. The rise in clearance rate was 
due to a rise in bile/plasma ™I concentration ratio (B/P ratio), the bile flow 
being independent of the amount of carrier. 

3. With lug-2 mg of carrier, the clearance rate of triiodothyronine varied 
from 30 to 70 ml./hr and was independent of the amount of carrier. 

4. The clearance rate of radioactive endogenous thyroid hormone was 
2 ml./hr. The rate was increased by an injection of non-radioactive thyroxine 
and, to a much smaller extent, by an injection of non-radioactive triiodo- 
thyronine. 

5. The liver/plasma I concentration ratio after injection of radioactive 
thyroxine was above unity, but was much less than the B/P ratio. With 
radioactive triiodothyronine the liver/plasma ratio was higher, but was also 
much less than the B/P ratio. 

6. Chromatographic analysis of the bile showed that the proportion of the 
1] excreted as the glucuronide of thyroxine was independent of the dose of 
carrier when the dose was less than 100ug. With higher doses the proportion 
excreted as the glucuronide decreased, and with injections of 2 mg of radio- 
active thyroxine most of the organic J in the bile was in the form of free 
thyroxine. 

7. Paper deaticitennsale of rat’s serum showed bands of protein qualitatively 
similar to those in human serum. Radioactive thyroxine in small doses was 


bound to a protein having an electrophoretic mobility similar to that of thy- 
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roxine-binding protein (TBP) in humans. With large doses of carrier the 
thyroxine was displaced to the albumin. A given dose of triiodothyronine 
displaced radioactive thyroxine from TBP to a smaller extent than the same 
dose of thyroxine. 

8. It is suggested that the liver removes the plasma thyroxine more easily 
when it is bound to the serum proteins by weak bonds than when it is bound 
by strong bonds; and that as the plasma concentration rises, the binding sites 
with strong affinity for thyroxine are filled and thyroxine becomes attached to 
binding sites with weak affinity. This would explain why the clearance rate 
rises as the dose injected is increased. 

I am much indebted to Dr D. J. R. Laurence for criticizing my manuscript and for a gift of 
|-snilinonaphthalene-8-sulphonic acid, and to Mr F. Gaebler for help with the electrophoresis. 
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THE TRANSAMINATION OF GLUTAMIC AND ASPARTIC 
ACIDS DURING ABSORPTION BY THE SMALL 
INTESTINE OF THE DOG IN VIVO 


By K. D. NEAME anp G. WISEMAN 
From the Department of Physiology, University of Sheffield 
(Received 30 August 1956) 


The fate of ingested protein was re-investigated by Dent & Schilling in 1949, 
and they concluded that heterologous protein is absorbed almost entirely as 
free amino acids and that the concentration of the amino acids in the portal 
blood after eating casein is largely what one would expect from a knowledge of 
the amino acid content of that protein. Glutamic acid, however, is exceptional 
in that its concentration in the portal blood is much lower than would be expec- 
ted in view of the high glutamic acid content of casein. In 1953 Wiseman 
investigated the ability of the isolated small intestine of the rat to transport 
various amino acids against a concentration gradient, and found that although 
the L-forms of alanine, phenylalanine, methionine, histidine and isoleucine 
are absorbed against a concentration gradient, those of glutamic and aspartic 
acids are not. He also found that part of the glutamic and aspartic acids 
disappears from the experimental system as a whole. Matthews & Wiseman 
(1953), using an in vitro technique (Wiseman, 1953), then showed that when 
either glutamic acid or aspartic acid is introduced into the intestinal lumen, 
alanine appears in the fluid bathing the serosal surface of the intestine. They 
concluded that transamination occurs during the absorption of glutamic or 
aspartic acid and results in the appearance of alanine in the portal blood. The 
following experiments, investigating this process in vivo, confirm their hypo- 
thesis, and also give the quantitative relationship between these amino acids 
during absorption from the dog’s small intestine. 


METHODS 


Experimental procedure. Dogs, weighing between 12 and 20 kg, were used and were allowed only 
water during the 24hr before the experiment. Intravenous pentobarbitone (approximately 
30 mg/kg body weight), intraperitoneal hexobarbitone (approximately 50 mg/kg body weight), 
or ether was used for induction of anaesthesia, and then surgical anaesthesia was maintained by 
intravenous pentobarbitone. A femoral vein was exposed and used for any intravenous injections 
required (pentobarbitone and heparin). A carotid artery was exposed and cannulated with a 
T-shaped glass cannula and the arterial blood pressure recorded from time to time. The side arm 
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of the cannula was used for collecting arterial blood samples at intervals during the experiments; 
before each sample was taken, enough blood was drawn out to clear the dead space. 

The preparation of a segment of small intestine with the mesenteric vein draining it was similar 
to that described by Matthews & Smyth (1954): with this technique none of the blood from the 
experimental segment of intestine returns to the circulation. The site and length of the segment 
were chosen not by position along the small intestine but for suitability for cannulation of the 
venous drainage. The segment was kept warm throughout the experiment by saline packs and the 
temperature noted from time to time. The vein draining it was cannulated by a small glass cannula 
attached to a length of polythene tubing (Portex size 52: bore 1 mm, wall 0-25 mm) through which 
the blood was collected. The arterial blood pressure gradually fell from about 100 mm Hg at the 
beginning to about 35 mm Hg at the end of the experimental period. As the blood pressure fell the 
polythene tubing was shortened in order to maintain a satisfactory rate of blood flow. After the 
preparation of the intestinal segment and cannulation of its vein, resting blood samples were col- 
lected and then 10 ml. of the appropriate amino acid or control saline solution was introduced 
into the lumen. 

Amino acid solutions. The L-glutamic and L-aspartic acids were commercial samples (L. Light and 
Co., Ltd.) used without further purification. They were dissolved in distilled water with the aid 
of NaOH and the final solution was adjusted to near pH 6 using chlorophenol red as indicator. 
Where an amino acid solution would have been hypotonic, NaCl solution was added to render it 
isotonic. In control experiments 10 ml. isotonic saline were used instead of an amino acid solution. 

Treatment of blood samples. The blood samples were collected into graduated measuring tubes 
immersed in an ice-bath, the final volume of each sample being between 30 and 40 ml. A 20 ml. 
sample from this was then frozen at — 20° C for several hours. After slow thawing the venous blood 
was usually found to be haemolysed by this process, but arterial blood often had to be frozen once 
again. The haemolysed blood was then deproteinized by the use of 30% trichloroacetic acid, using 
enough to give a final concentration of 5%. The treated blood was then stirred vigorously several 
times until the original rather firm consistency had become more fluid, and was then filtered on 
a Biichner funnel with strong suction. A measured amount (7-8 ml.) of the filtrate was then 
brought to about pH 7-5 by the addition of n-NaOH (mixed with chlorophenol red as indicator) 
and allowed to stand for 3 min. This procedure was found to convert enough of the trichloroacetic 
acid to chloroform to allow the use of the analytical methods described below. (We have found, 
however, that this procedure is not satisfactory when pyruvic carboxylase is to be used. If the 
filtrate is made strongly alkaline the trichloroacetic acid is converted to formic acid and not to 
chloroform.) A known amount of x-HCl (usually about 0-1 ml.) was then added to the filtrate to 
bring the pH to about 4 and the chloroform removed by heating to 80° C for 1 min. 

Recovery of residual amino acids from intestinal lumen. At the end of each experiment the lumen 
of the experimental portion of intestine was washed out and the washings collected in a volumetric 
flask (25, 50 or 100 ml., depending on the yield of amino acid expected). This was then deproteinized 
and estimated for amino acids in the same manner as the blood samples. 

Estimation of amino acids. L-glutamic acid was estimated by the manometric method of Gale 
(1945), and aspartic acid by the manometric method of Krebs (1950). Alanine was estimated by 
the colorimetric method of Alexander & Seligman (1945) as modified by Christensen, Riggs & Ray 
(1952). 

It was found that an equimolecular concentration of alanine did not interfere with the estima- 
tion of either glutamic acid or aspartic acid. Equimolecular amounts of glutamic acid did not 
interfere with the alanine estimation, and aspartic acid only interfered to a very slight extent. 


RESULTS 
The results show that the concentration of alanine increases in the venous blood 
draining the experimental portion of intestine during the absorption of glutamic 
acid, and the increase. depends on the concentration of glutamic acid in the 
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intestinal lumen. The concentrations of glutamic acid and alanine in this 
venous blood during the absorption of glutamic acid are shown in Tables 1-4, 
and the concentrations of glutamic acid, alanine and aspartic acid in this 
venous blood during absorption of aspartic acid are shown in Tables 5 and 6. 


Taste 1, Blood glutamic acid and alanine concentrations after introduction of 10% 
glutamic acid solution into intestinal lumen* 


Sample 
— A — Glutamic 

Collected at Volume acid concn. Alanine concn. 
(min) (ml.) (amole/100 ml.) (umole/100 ml.) 

Arterial 5 25 104 35 

19 25 103 41 

42 25 127 49 

67 25 137 47 

95 25 150 95 

Venous 0-5 30 60 43 

5-16 60 108 44 

16-27 60 205 68 

27-40 65 246 76 

40-53 60 311 124 

53-73 60 570 157 

73-99 63 680 190 


* In all tables arterial samples from carotid artery; venous samples from vein draining 
experimental portion of small intestine. Experimental solutions introduced into intestinal lumen 
after collection of first venous sample. 


TaBe 2. Blood glutamic acid and alanine concentrations after introduction of 2% glutamic 


acid solution into intestinal lumen 
Sample 
A- Glutamic 
Collected at Volume acid concn. Alanine concn. 
(min) (ml.) (umole/100 ml.) (umole/100 ml.) 
Arterial 5 25 82 71 
31 25 86 74 
73 25 77 92 
101 25 84 97 
Venous 0-7 30 62 121 
7-15 30 65 119 
15-23 30 212 147 
23-30 30 435 159 
30-37 30 460 165 
37-49 40 489 204 
49-59 30 420 217 
69-71 30 409 216 
71-85 30 359 202 
85-102 30 265 229 


The tables also give the concentrations in the arterial blood. Table 7 gives the 
concentrations of glutamic acid and alanine during the absorption of 10 ml. of 
isotonic saline. Each table refers to an individual experiment. 


The increase of venous glutamic acid is more rapid with a 2% glutamic acid ~ 


solution (Table 2) than with a 10% solution (Table 1), suggesting that the 
hypertonic 10% solution delays the absorption of glutamic acid to some 
extent. When 10%, 2% or 05% glutamic acid solutions are used the venous 
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glutamic acid concentrations increase during the experimental period, but when 
0-15 °% glutamic acid is introduced into the intestinal lumen no increase of the 
venous glutamic acid occurs. 

In all the experiments the concentration of alanine increased in the venous 
blood draining the experimental portion of intestine. As the resting alanine 
concentration varies from animal to animal the exact effect of different 


TaBLE 3. Blood glutamic acid and alanine concentrations after introduction of 0-5% 
glutamic acid solution into intestinal lumen 


Sample 

Collected at Volume acid concn. Alanine concn. 

(min) (ml.) (yumole/100 ml.) (umole/100 ml.) 
Arterial 4 25 87 59 
65 25 92 91 
91 25 102 136 
Venous O-8 30 84 73 
8-21 30 102 103 
21-34 30 186 169 
3448 30 161 160 
48-65 30 145 186 
65-95 30 130 189 


TaBLE 4. Blood glutamic acid and alanine concentrations after introduction of 0-15% 
glutamic acid solution into intestinal lumen 


Sample 
Collected at Volume acid concn. Alanine concn. 
(min) (ml.) (umole/100 ml.) («umole/100 ml.) 
Arterial 2 25 120 110 
51 25 102 123 
90 25 127 197 
Venous 0-8 30 99 119 
8-17 30 99 112 
17-26 30 99 139 
26-36 30 Ys 153 
36-45 30 
45-55 30 85 153 
55-64 30 69 182 
64-76 30 87 177 
76-90 30 76 182 


concentrations of glutamic acid cannot easily be ascertained, but the results 
clearly indicate that the increase of the venous alanine is greater when higher 
concentrations of glutamic acid are used. It should be noted that the absolute 
venous alanine concentration never rose above about 200umole/100 ml. 
Tables 5 and 6 show the venous aspartic acid, glutamic acid and alanine 
concentrations when 0-5 and 0-15°% aspartic acid solutions are introduced into 
the intestinal lumen. With both these concentrations there is an increase of the 
venous aspartic acid concentration, more marked with the 0-5% than with the 
015° solution. The increase of venous alanine concentration is much the 
same as that of venous aspartic acid, and is comparable with the increase of 
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Tasie 5. Blood aspartic acid, glutamic acid and alanine concentrations after introduction of 
0-5% aspartic acid solution into intestinal lumen 


Sample 
— . Aspartic Glutamic 
Collected at Volume acid concn. acid concen, 
(min) (ml.) (umole/100 ml.) (umole/100 ml.) ml.) 
Arterial 5 25 5 108 79 
47 25 20 114 87 
77 25 12 99 102 
Venous 0-9 30 0 93 82 
9-17 30 38 91 92 
17-25 30 21 84 123 
25-33 30 100 86 125 
33-41 30 83 96 151 
41-51 30 35 81 164 
51-64 30 42 92 181 
64-80 30 26 79 174 


Tase 6. Blood aspartic acid, glutamic acid and alanine concentrations after introduction of 
0-15 % aspartic acid solution into intestinal lumen 


Sample 
r— A ——, Aspartic Glutamic 

Collected at Volume acid concn. acid concn. Alanine concn. 
(min) (ml.) (umole/100 ml.) (yumole/100 ml. ) (umole/100 ml.) 

Arterial 4 25 0 83 74 

53 25 1 78 102 

82 25 7 83 118 

Venous 0-6 30 0 65 92 

6-14 30 65 95 

14-22 30 25 71 124 

22-31 30 39 74 132 

31-40 30 26 71 135 

40-50 30 0 56 138 

50-62 30 6 53 138 

62-69 30 0 25 121 

69-76 30 6 31 117 

76-84 30 0 38 135 


| TaBLE 7. Blood glutamic acid and alanine concentrations after introduction of isotonic 
a saline solution into intestinal lumen 


Sample 
c 
Collected at Volume acid con 
(min) (mL)  (umole/100 ) mi.) 
Arterial 5 25 101 56. 
48 25 91 84 
73 25 91 98 
87 25 98 136 
Venous 0-7 30 Qs 99 
7-18 45 91 86 
18-30 45 72 73 
30-45 45 17 88 
45-61 30 63 100 
61-87 30 69 118 
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the alanine concentration when corresponding concentrations of glutamic acid 

are used. There is little change in the venous glutamic acid concentration 

when these concentrations of aspartic acid are being absorbed. In control 

experiments with 10 ml. of isotonic saline in the intestinal lumen (Table 7), 

the venous glutamic acid and alanine concentrations both decrease tem- 
porarily. 

Tt was found that about 95% of the amino acid introduced into the intestinal 
lumen disappeared during the course of the experiment, except in the case of 
10% glutamic acid, when about 35% disappeared. 
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Excess of venous over arterial concn. (umole/100 mi.) 
3 
Glutam 


30 60 90 
Minutes 


Fig. 1. 10 ml. 2% glutamic acid solution introduced into lumen of experimental portion of intestine 
at the time indicated by the arrow. Above zero on the ordinate indicates by what amount the 
amino acid concentration in the venous sample from the experimental portion of intestine 
was greater than that in the arterial; values below zero on the ordinate arise when the venous 


sample has a lower concentration than the arterial. 


As the concentrations of the amino acids (particularly that of alanine) alter 
in the arterial blood, it is essential to examine their concentrations from the 
point of view of any changes which may occur between artery and vein, and 
thus to obtain figures which are proportional to the amount of amino acid 
being absorbed. The actual increase or decrease of amino acid concentration in 
the blood passing through the intestine (i.e. venous concentration minus arterial 
- Concentration) and how this increase or decrease varies during the absorption 
} of the amino acid solution is shown in Figs. 1 and 2 for a 2 and 0-15 % glutamic 
acid solution respectively, and in Fig. 3 for a 0-5% aspartic acid solution: 


each figure represents one experiment. 
- When a 10% glutamic acid solution is used the difference in glutamic acid 
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concentration between artery and vein continues to increase during the 
experimental period of 90 min and rises to a value of over 500 pmole/100 ml. ; 
the difference in alanine concentration between artery and vein is almost 
exactly as that shown in Fig. 1. During the absorption.of a 0-5% glutamic 
acid solution the arterio-venous differences in glutamic acid and alanine 
concentrations are between those found during the absorption of a 2% and 
a 015% glutamic acid solution. The arterio-venous differences in glutamic 
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30 60 
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Fig. 2. 10 ml. 0-15% glutamic acid solution introduced into lumen of experimental portion 
of intestine at the time indicated by the arrow. 
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Fig. 3. 10 ml. 0-5% aspartic acid solution introduced into lumen of experimental portion 
of intestine at the time indicated by the arrow. 


acid and alanine concentrations during the absorption of 10 ml. isotonic saline 
show a fall, and throughout the experiment the venous alanine concentration 
remains above the arterial, while the venous glutamic acid concentration 
remains below. Fig. 2 shows that during the absorption of a 0-15% glutamic 
acid solution, and as was found during the absorption of isotonic saline, 
the venous alanine concentration remains above, and the venous glutamic 
acid concentration below, the respective arterial concentrations. Vig. 3 
shows the arterio-venous differences in the concentrations of aspartic acid, 
e806 acid and alanine when a 0:5% aspartic acid solution is being 
absorbed. 
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DISCUSSION 


The results indicate that when glutamic acid is absorbed from the small 
intestine of the dog, glutamic acid appears in the mesenteric venous blood 
together with an increased concentration of alanine. The concentration of 
alanine in the mesenteric venous blood seems to have a maximum value in the 
region of 200 zmole/100 ml. (Tables 1-4). This finding of a maximum concen- 
tration agrees well with a similar observation of Klingmiiller, Gayer & Barm- 
stedt (1955). They found that after intravenous injection of glutamate into 
rabbits the blood concentration of alanine rose, and reached a maximum which 
did not depend on the amount of glutamate administered. 

_ With the higher concentrations of glutamic acid (i.e. 2° or greater) in the 
intestinal lumen, most of the glutamic acid is absorbed as such, and the alanine 
production is relatively low. However, when lower concentrations of glutamic 
acid are introduced into the intestinal lumen the glutamic acid increase in the 
venous blood is then considerably lower and the alanine production is more 
obvious. 

During the absorption of aspartic acid the change in venous alanine concen- 
tration is comparable with that which occurs when glutamic acid is being 
absorbed. But even when 0-15°% aspartic acid solution is used an appreciable 
amount of aspartic acid is absorbed as such. 

It would appear from the above findings that when proteins are being 

digested and amino acids liberated in relatively low concentrations in the 
intestinal lumen the transamination of almost all the glutamic and aspartic 
acids results in an increase in the concentration of alanine in the mesenteric 
veins, 
- Lastly, it is interesting to note that during the short period before introduc- 
ing the glutamic acid into the lumen, the glutamic acid concentration is lower 
in the vein than in the artery, while the alanine concentration is higher, sug- 
gesting that the intestine transaminates not only the glutamic acid being 
absorbed from the lumen, but also that in the blood perfusing it. 


SUMMARY 


1. The absorption of glutamic acid and aspartic acid by the small intestine 
of the dog has been studied in vivo. 

2. Glutamic and aspartic acids are partly absorbed as such and partly trans- 
aminated during absorption, resulting in the appearance of alanine in the 
mesenteric venous blood. 

3. When high concentrations of glutamic acid are present in the intestinal 
lumen most of it enters the blood as glutamic acid; with low concentrations 
most of it is transaminated before reaching the blood. 
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4. With low concentrations of aspartic acid more is absorbed as such than 
is the case with glutamic acid. 

5. The small intestine transaminates the glutamic acid in the blood passing 
through it. 


Part of the expenses of this work was defrayed by a grant to the authors from the Medical 
Research Fund of the University of Sheffield, and part by a grant from the Medical Research 
Council to Professor D. H. Smyth. Our thanks are due to L. Light and Co., Ltd. for generous gifts 
of amino-acids, and to Messrs May and Baker Ltd. for the gift of hexobarbitone (Cyclonal). 
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RESORPTION AND LOSS OF FOETUSES IN RATS 
LIVING AT 35°C 


By W. V. MACFARLANE, PAMELA R, PENNYCUIK anp E. THRIFT 
From the Sir William MacGregor School of Physiology, University 
of Queensland, Brisbane, Australia 


(Received 9 April 1956) 


Various disturbances of reproduction in tropical mammals have been reported. 
There is a 30% reduction in human conception in the north of Australia during 
summer relative to the winter conception rate (Macfarlane, unpublished). 
Castellani & Chalmers (1919) hint at higher abortion and dysmenorrhoea rates 
for women in hot climates. Pregnancy during summer in the tropics is associ- 
ated in sheep with the production of small-sized lambs (Moule, 1954; Yeates, 
1953) and with small calves in African cattle (Bonsma, 1949). As a result of 
laboratory studies, Sundstroem (1927) reported that female rats kept at 32° C 
resorbed their foetuses. Ogle (1934) kept mice at 31-33° C and found that they 
had small litters of poorly viable offspring. 

On subjecting rats to a uniformly hot environment in this laboratory, it was 
found that some foetal resorption took place. Many other agents causing 
resorption in rodents have been described. Amongst these are deficiency of 
food, or specifically, of protein (Barry, 1920) or of vitamins, particularly A, E 
and B group (Nelson & Evans, 1946). Resorption also follows the removal of 
the ovaries in rats (Haterius, 1936). An overdose of oestrogen interrupts 
gestation in rabbits and rats (Huggett & Pritchard, 1945); but, with spaying, 
interruption is due to uterine compression of the foetus (Frazer, 1954). Hypo- 
thyroidism reduces fertility and increases the amount of resorption in rodents 
(Krohn & White, 1950). An excess of adrenal cortical hormones probably 
increases foetal resorption rates (Robson & Sharaf, 1952; Leroy & Domm, 
1951). Chronic hypoxia can produce a similar condition (Ingalls, Curley & 
Prindle, 1952). Wilson (1954) induced 30% resorption with injected carbon 
tetrachloride and with trypan blue. Itis likely, also, that some strains of rodent 
are genetically susceptible to resorption. Frazer (1955a) in surveying the 
fecundity and foetal mortality of colonies of rats in London, showed that high 
or low implantation numbers, loss of foetuses before the 9th day, and possible 
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genetic factors were all associated with higher than average resorption 
rates. 
In an attempt to find factors which disturb reproduction in the tropics, rats 


were exposed during pregnancy to an environment of dry-bulb 95° F (35° C) 
and wet-bulb about 85° F (29-3° C); 62% r.h. (v.p. 22 mm Hg). Attempts were 
then made to protect the foetuses in order to gather information on the 
underlying mechanism of resorption. 


METHODS 

Rats of 140-180 g from an inbred Wistar strain were used. They were maintained upon a stock 
diet, supplemented or altered in the experimental groups according to the design of the experiment. 
The average composition, per cent, of the stock diet (Barastoc dog cubes) was as follows: crude 
fibre 2-6 together with crude protein 23-1, crude fat 5-6, carbohydrate 52-3, total minerals 6-1, 
(calcium 1-05, phosphorus 1-0 and iron 0-033) and water 10-3. The protein was derived from wheat 
and oats (71%), meat meal (18%), liver meal (4%) and milk (7%). Vitamin A was estimated at 
9 i.u., riboflavine mg, D, 1-0 i.u. and a-tocopherol approximately 
2-0 mg/100 g. 

Rats were mated, service being confirmed by the presence of vaginal plugs or of sperm in the 
smear, In a trial series rats were opened at 8, 12 and 16 days: it was found that foetal loss took 
place in some rats after the 12th day. Since signs of the former presence of a foetus were readily 
seen at the 16th day, this time was chosen for laparotomy. The number of implantations and the 
number of damaged or dead foetuses, or of placental sites without foetuses was recorded, and the 
rats were then allowed to complete pregnancy. The average number of implantations found in 
cool control and in hot rats, 16 days after service, differed by two in 1953 and by less than one in 
1954-5: abortion was not observed. 

The experiments fall into two main series, those of 1953 and 1954-5. The 1953 series was divided 
into six groups, A~F. Group A was a control at room temperature (mean monthly maximum of 
27° C in January down to 16°C in July); group B comprised pooled controls at 35° C, the tempera- 
ture used also for the experimental groups C-F. With the group B rats were some non-pregnant 
females, used to estimate food and water intakes. 

Experimental group C was given 5 g/day/rat of meat as protein supplement, together with 
extra vitamins, in addition to the stock diet. 5000 i.u. vitamin A, 100i.u. vitamin D, thiamin 
0-25 mg, riboflavine 0-4 mg, nicotinamide 2-5 mg, calcium pantothenate 0-06 mg, pyridoxine 
hydrochloride 0-025 mg, folic acid 0-07 mg, biotin 0-025 mg, para-aminobenzoic acid 0-25 mg and 
vitamin E 5 mg were added to the food of each rat each day to reduce the possibility of vitamin 
deficiency either from the composition of the stock diet or from reduced food intake. 

Group D received intramuscular injections of progesterone as steroid, in peanut oil, each second 
day from the 5th day of gestation; the dose increased from an initial 0-1 to 1-0 mg. The purpose of 
this was to counteract any excessive activity of oestrogen. 

Groups E and F received intramuscular injections of pt-thyroxine from the 5th day of gestation. 
In group E the dose was 2-5yg/100 g and in group F it was 3-5g/100 g. These two groups were 
formed because it hea been shown by Dempeey 4 Astwood (1943) that in hot environments there is 
depression of the thyroid activity of rats. 

the lighting was poor and the humidity varied between 60 and 80% r.h. In all groups mating took 
place during the night at room temperature. In groups D-F the mated rats were immediately put 
in the hot chamber and kept there till the 16th day when laparotomy was performed to ascertain 
the number of implantations and interrupted pregnancies. 

It seemed probable after the 1953 series that other factors should be considered, particularly 
acclimatization and the possible mobilization of adrenal steroids upon sudden change of environ- 
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mental temperature from 25° to 35° C. The 1954 series, therefore, differed from the 1953 series in 
two respects. The hot box for the experimental groups was lighted for 9 hr/day, the temperature 
being closely controlled at 36 + 0-4° C and the humidity at 62% r.h., with air continuously circu- 
lated in this environment at 150 cu.ft./min. In addition; corpora lutea were counted as well as 
implantations and resorptions. Groups W and X were treated in the same way as groups A and B. 
Groups Y and Z were, in contrast, acclimatized to 35° C for periods ranging from 14 to 79 days 
before mating. Rate were mated at room temperature at night and returned to the heat next day. 

In the 1955 series the possibility of steroid mobilization was investigated. Two groups, M and N, 
each received 2 mg/100 g/day of cortisone intramuscularly. Group M was kept at 22° C, while 
group N was acclimatized to 35° C for 17-29 days, mated and then kept at 35° C, with cortisone 
injections daily till the 16th day. The hot chamber was thes of the 1966 series, 


RESULTS 
A proportion of conceptuses resorbed (or aborted) at laboratory temperatures 
- in all seasons of the year. Resorptions took place mainly between the 8th and 
16th day though occasional abortions or resorptions occurred later. 

The results of the 1953 series are shown in Tables 1 and 3. The group B rats 
lost 7-10% of body weight at the end of 16 days in the heat. Non-pregnant 
rats lost weight to the same degree. They showed a reduction of food intake of 
4-1 g/100 g/day (43% lower intake than rats at room temperature) and water 
intake increased by 6-9 ml./100 g/day (47°% increase). _ 

Proteins and vitamin supplements (group C) did not completely prevent 
resorption or abortion, for 25% of foetuses were still lost on the fortified diet. 
Foetal loss was significantly lowered relative to rats at 35° C fed on stock diet, 
and to rats treated with 3-5 yg/day/100 g thyroxine. 

Progesterone injections (group D) significantly reduced the loss from 58 to 
32%. The rate of foetal loss was similar to that resulting from thyroxine 
protection. 

In group E the 58% reed in controls was significantly reduced by 2-5yg/ 
100 g/day of thyroxine, to 30%; but interestingly when the dose was 3-5yg/ 
100 g/day the loss rose to 45%. Larger doses than 2-5ug/100 g/day p1L- 
thyroxine were apparently less effective in preventing foetal destruction. The 
difference between the two thyroxine dose levels was possibly significant 
(P > 0-05). This finding is unaffected when the loss of entire litters is ignored 
and differences are computed for partial losses. 

The results of the 1954—5 experiments are shown in Tables 2 and 4. Acclima- 
tization for 14-24 days (group Y) reduced the rate of loss from 31 to 8% at 
35° C. The resorption rate of 8% is not significantly different from group W, 
the controls at room temperature. 

Group M in Table 2 is comparable with group W, except that 2 mg/100 g/day 
of cortisone was administered to group M. This additional hormone signifi- 
cantly trebled the rate of foetal loss, so that it almost equalled the hot control 
group X. 
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_ Group N, on the other hand, is paired with group Y: in both there was 2-4 
weeks’ acclimatization before mating. The administration of cortisone, despite 
the effect of acclimatization, doubled the foetal loss at 35°C. This hot cortisone- 
treated group N had a resorption rate significantly greater than any other group 
(P >0-001). 

Table 5 shows the number of corpora lutea and the number of implantations 
in the 1954-5 series of groups W—Z. Corpora lutea counted at the 16th day 
after service were significantly reduced in number by 2—4 weeks’ acclimatization 


Tasie 2. 1954-5 series. Groups of rats acclimatized before mating or treated with cortisone, 
compared with control groups, for foetal loss per mother and foetal loss as a percentage of 
implants 


Foetuses 
Temp. No. of No. resorbed No. lost Foetal 
Group O) Treatment mothers implanted or aborted per mother loss (%) 
Ww 22 Stock diet 63 561 41 0-63 7 ] 
x 35 Stock diet 18 146 45 2-5 31 
y 35 Stock diet, 14-24 25 177 15 0-6 8 
days’ acclimatiza- 
Z 35 Stock diet, 25—70 17 133 16 0-94 12 
days’ acclimatiza- 
tion 
M 22 Stock diet + ll 100 22 2-0 22 
cortisone 2 
100 g/day 
N 35 Stock diet, 17-29 S 55 33 41 60 
days’ acclimatiza- 
tion + cortisone 
2 mg/100 g/day 


Taste 3. Comparison by x* test of the various 1953 groups. To the left of the central oblique line 
are y* values and to the right and above are P values. The values compared are the foetal losses 
as a fraction of total implantations 


Group 
Group | “A B C D E Fr 
A Stock 22°C — <0001 <0001 <0001 <0001 <0-001 
B Stock 35° C 122-7 <0001 <0001 <0001 010 
C Stock 35° C + protein 20-5 24-4 — 0-25 0-50 0-005 
D Stock 35° C + progesterone 446 25-4 13 — 0-80 0-03 
E Stock 36°C+thyroxine 25yg 273 148 0-5 0-06 — 0-05 
F Stock 36°C+thyroxine 61:1 2-7 74 4-6 3-7 


TasLe 4, Comparison of 1954-55 groups, in which the foetal losses are expressed as a fraction 
of implantations. The x* values and the probability that any two groups differ, are tabulated 


Group 

Group | Ww x Y Z M N 
W Stock 22°C | —. <0-001 0-60 0-10 =<0001 <0-001 
X Stock 35° C 59-9 — <0-001 <0-001 015 <0-001 
Y Stock 85° C, 14-24 days’ 04 264 ..— 0-30 005 <0-001 
Z Stock 35° C, 25-70 days’ 35 #144 — 0-03 <0-001 
M Stock 22° C + cortisone 21-2 2-3 10-1 41 — <0-001 
N Stock 35° C + cortisone 131-5 14 679 46-5 22-38 — 
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at. 35° C.. The number of: implanted ‘foetuses was also reduced. On longer 
acclimatization some recovery in implantation and corpus luteum formation 
rates occurred. The difference between the mean number of corpora lutea and 
the number of implants was greatest in acutely heated rats — and i in long 
acclimatized mothers (Z). 


and some recovery with longer (4-11 weeks’) acclimatization at 35° C, occurred in this series of observationg 


P values are comparisons of groittp W with X, Y and Z - 


upand No.of Mean corpora Mean implants » or implants, 
temp. (°C) mothers lutea per rat differing from W per rat differing from W tion 
W 22 63 10-03 + 1-39 — 8-90+ 2-19 — 1-13 
X 35 9-93 + 1-20 0-8 8-07 42-61 0-6 1-86 
*Y 35 25 8-45 + 1-64 0-001 7-05 + 2-08 0-01 1-40 
**Z 35 17 9-414 1-64 0-1<P <0-2 7-83 + 1-67 0-05 <P <0-1 1-58 


* Acclimatized at 35° C for 14-24 days. ** Acclimatized 25-79 days. 


DISCUSSION 


These experiments show that a hot environment brought about high foetal loss 
in relatively unacclimatized rats. The main part of this mortality took place 
by foetal resorption. A proportion of the foetuses in any mother died in the hot 
animals from the 7th or 8th day of pregnancy onward. In group B (heated 
unacclimatized controls) were six mothers (out of twenty-three) all of whose 
foetuses resorbed. In the other groups there was almost always some foetus to 
survive in a litter. This strain of rats lost 12% of litters in toto from the various 
1953 groups, but in the other 88°% of mothers there were some foetal survivors. 
Heat could have produced this partial loss of litters by disturbance of nutrition 
following a lowered food intake, but protein and vitamin supplements did not 
reduce mortality to control levels. No vitamin B,, supplement was given, but 
the meat, vitamin and cereal diet should not have been deficient in this or other 
necessary food factors. 

The possibility that thyroid gland depression (Dempsey & Astwood, 1943) 
might prejudice foetal survival was tested by thyroxine replacement. Injec- 
tions of 2-5ug/100 g/day p.-thyroxine (which is approximately the daily 
requirement of laboratory rats, measured by Griesbach & Purves, 1945) 
reduced the proportion of foetal losses from 58 to 30% but this rate was still 
five times greater than that shown by controls, so that this could not be the 
whole answer. Possibly increased supplements of vitamins and protein, 
together with thyroxine, would have restored normal function. This has’yet to 
be tested. Additions of 3-5ug of thyroxine increased the resorption rate 
(group F). It is probable that this excess hormone increased the heat load 
from intrinsic sources and so added to the strain of the environment. 
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_ Since Haterius (1936) quoted oestrogen excess as a cause of ‘abortion’, a 
progesterone supplement was employed to try to counteract any oestrogen 
overactivity that might occur in heat (perhaps through deficient inactivation 
of oestrogen in the liver). Group D suffered only about half the foetal loss of 
the controls: but the hot environment in its total effect still brought about five 
times the normal foetal mortality. 

It is possible that the common pathway of action of proteins, vitamins, 
thyroxine and progesterone in saving foetuses runs through the adrenal cortex 
in its effects upon uterine muscle cells. Robson & Sharaf (1952) have shown 
that resorption occurred in rabbits and mice injected daily with cortisone. 
Hoet (1954) described human and rabbit foetal death, associated with excess 
adrenal steroids which reduce placental glycogen and penetrate to the amniotic 
fluid. In rats, Alexander, Frazer & Lee (1955) found that deoxycortone ace- 
tate protected foetuses from the results of oophorectomy. Our finding that 
acclimatization was the most effective protective measure against resorption 
(groups Y and Z) lends support to this theory, since adrenal steroid mobiliza- 
tion almost certainly takes place during heat acclimatization (Conn, 1949). 
When acclimatized rats (group N) were treated with cortisone, they suffered 
60° of resorption, which was twice the rate found in heated unacclimatized 
rats (group X) and five times the rate of heated acclimatized animals (group Z). 
Cortisone, therefore, imitated the effect of sudden exposure to 35°C, and 
overcame the protection that would be expected from acclimatization. This 
could have been a pharmacological effect from the rather high dose of cortisone 
given. On the other hand, there is evidence in the difference between groups Y 
and Z, that acclimatization breaks down with prolonged exposure to 35° C. 
Additional adrenal hormone in a physiologically strained animal may further 
alter uterine tension or blood flow, or alter placental metabolism and encourage 
resorption. 

All the factors considered probably act upon the uterus rather than the 
foetus. Shah (1956) has shown that the heated rabbit resorbs foetuses de- 
rived from six-day blastulae transplanted from cool donors, but the converse 
transplants survive. The uterus of the heated mother appears to be the 
tissue affected. Whether the tone of the uterus (Frazer, 19555) is the main 
mechanism causing foetal loss; whether the vascular efficiency of the uterus is 
impaired in a 35° C environment, or whether adrenal steroids act directly to 
prevent growth and function at the utero-placental boundary remains to be 
determined. 

Counts of corpora lutea made at the 16th day of pregnancy were undertaken 
on cool and hot controls and on acclimatized rats. It was not difficult to deter- 
mine active corpora lutea at this stage, though earlier in pregnancy there may 
be some confusion with those of previous ovulations. The significant depression 
of the mean number of corpora lutea in rats undergoing acclimatization 
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(2-4 weeks at 35° C) was associated with increased loss before implantation. 
Ovulation or luteinization may have been interfered with by the action of 
heat through the hypothalamus-pituitary system. Adrenal steroids may act 
directly on those processes in the ovary and possibly could interfere with im- 
plantation. Cortisone has been reported sometimes to produce amenorrhoea in 
adolescents, but whether by direct action or through the pituitary is unknown 
(Sprague, Power, Mason, Albert, Mathieson, Hench, Kendall, Slocumb & 


Polley, 1950). 
SUMMARY 


1. Rats from the Wistar strain living at 35° C lost up to 58% of foetuses, 
compared with 7% resorption in controls at 22-28° C. 

2. Resorption rates at 35° C were decreased by administration of pro- 
gesterone, thyroxine or supplements of vitamins and protein. 

3. Acclimatization for 2—10 weeks at 35° C before mating produced a highly 
significant reduction in the rate of foetal loss. 

4. Cortisone increased the rate of resorption in unheated rats and the rate of 
loss reached 60°% in heated rats treated with cortisone. 

5. The number of corpora lutea formed was significantly vednied i in rats 
acclimatized for 14-28 days at 35° C before being mated. 


The Organon Laboratories kindly supplied progesterone for these experiments. 
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SOME COMMISSURAL AND SEPTAL CONNEXIONS OF THE 
HIPPOCAMPUS IN THE RABBIT. A COMBINED 
HISTOLOGICAL AND ELECTRICAL STUDY 


| By B. G. CRAGG anv L. H. HAMLYN 
From the Department of Anatomy, University College London 


(Received 26 June 1956) 


Little is known of the origin of the fibres contained in the hippocampal 
commissures, and the various accounts of their site of termination are not in 
agreement. Sprague & Meyer (1950), working with rabbits, found degeneration 
in all layers of the hippocampus following a lesion in the ventral commissure, 
whereas Powell & Cowan (1955) found little or no fibre degeneration in the 
contralateral hippocampus after a lesion involving the ventral commissural 
fibres. With regard to the dorsal commissure, Cajal (1911, 1955), using norma] 
material, described a crossed temporo-ammonic tract, but Adey & Meyer 
(1952) were unable to find supporting evidence for this in an experimental 
study in monkeys. A number of authors have described evidence for a caudally 
directed pathway arising in the septal region and passing back in the fimbria 
(Morin, 1950; Stoll, Ajmone-Marsan & Jasper, 1951; Daitz & Powell, 1954), 
but there is no account of its termination. 

This paper gives the results of a combined histological and electrical investi- 
gation of the hippocampal commissures and of connexions between the septal 
region and the presubiculum. The criterion used to decide electrically that 
a tract is afferent to the neurones of a particular region is that stimulation of 
the tract should produce a large and early response in those neurones, which 
varies with depth in a manner compatible with the membrane hypothesis and 
the histological structure of the region. Later responses have been found to 
occur in secondary orders of neurones and to be greatly enhanced by repetition 
of the stimulus. This facilitation is much less marked in the region giving 
& primary response. 

Histologically the criterion is that a lesion in the tract should be followed by 
intense impregnation of the degenerating fibres in the region when the latter 
is stained by the Nauta method. The control brain, produced by identical 
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operative exposure, but lacking the specific lesion, should give negative results 
in the part under imvestigation. The necessary conditions were investigated by 
Evans & Hamlyn (1956). 

METHODS 
Adult rabbits of various breeds and both sexes were used throughout. 


Histology 

Five brains with their controls were used for the investigation of the ventral commissure and 
septal projection fibres and four for the dorsal commissure. 

The animals were anaesthetized with intravenous pentobarbitone sodium (Nembutal) supple- 
mented with ether. For exposure of the fimbria a small trephine hole was made to one side of the 
mid line at the level of the coronal suture. For lesions involving the dorsal commissural fibres the 
opening was made | om posterior to this position. The lesions were made by cutting the appropriate 
structure under direct vision, the overlying cortex having been sucked away until the lateral 
ventricle was opened, either over the fimbria or over the angular tract of Cajal. The cut was then 
made with an ophthalmic knife. 

Following the operation in which a lesion had been made, a second animal was then operated 
upon in which the appropriate structure was exposed but not damaged. The survival times were 
the same for the two animals, being 5-7 days. They were then killed by perfusion, under pento- 
barbitone anaesthesia, with physiological saline followed by 10% neutral formol saline. The brains 
were removed and stored in the fixative for at least seven days before sectioning. Frozen sections 
were cut at 30 » in the sagittal plane, or at right angles to the axis of the hippocampus, and 
partially serialized by division into groups. They were then stained by the Nauta silver method 
(Nauta & Gygax, 1954), each experimental brain and its control being taken through together as 
described by Evans & Hamlyn (1956). The position of the lesion was verified histologically in all 
cases. 

Electrical recordings 

the Horsley-Clarke machine. The skin of the scalp was incised and held by steel hooks to form the 
walls of a bath. The dorsal cortex was exposed as widely as possible and the brain-stem then 
transected. The pia was cut with fine scissors all round the perimeter of the exposure including the 
sagittal sinus. Bleeding was controlled by local packing with cellulose wadding. When the bleeding 
had stopped, the dorsal cortex was lifted up from the ventricle to expose the hippocampal forma- 
tion to 1-5 cm on either side of the mid line and from the septal nuclei to the pre-subiculum. 
After more packing and the removal of all blood from the exposure the brain was covered with 
liquid paraffin at 37° C. It is essential that the surface of the hippocampus should not be touched 

The steel electrodes and electronic.apparatus have been described previously (Cragg, 1954). The 
recording electrode was a steel needle with an insulated shaft of diameter 20 » and a bare tip. An 
earth lead and one grid of the input cathode-followers were connected to the steel hooks holding 
the skin of the scalp. The other input grid was connected via a condenser of 0-1 uF capacity to the 
recording electrode to deflect the trace upwards in the photograph when the electrode became 
negative to earth. A resistance of 100 MQ from this grid to earth gave the system a time constant 
of 10 sec. The stimulus output from the radio-frequency isolating transformer was not connected to 
earth in any way. The anode of the output was connected to a steel needle similar to the one used 
for stimulating and thrust into dead cortex at a position that made the recording electrode 
equidistant from the two needles connected to the stimulus output. This arrangement was found 
to give less trouble than the usual method of balancing the stimulus with a Wagner earth, pro- 
vided that each of the leads to the active electrodes was no more than two or three inches in 
length. 
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RESULTS 


The electrical and histological results are in close agreement, though in some 
instances additional, but not contradictory, information is given by one or the 
other method. The lesion in the nine brains eventually used for histological 
study was confined to the appropriate structure, except that in two of the 
brains with fimbrial lesions and in one of the brains with a lesion of the angular 
tract, the neighbouring dorsal alveus and stratum oriens were damaged. This 
did not apparently affect the results in the case of the fimbrial lesions, but in 
the brain where the angular tract had been cut additional degeneration was 
found in the ipsilateral presubiculum, no doubt in part due to injury of the 
projection fibres from the septal area (see results of fimbrial section). However, 
some of this ipsilateral degeneration may have been due to injury of the 
projection fibres from the anterior cingulate cortex described by Adey (1951). 


Anterior Posterior 

Text-fig. 1. Diagram of a parasagittal section near the mid line. In all figures: A.H., Ammon’s 
horn; Al., alveus; A.T’., angular tract of Cajal; C.C., corpus callosum; D.F., dentate fascia; 
Ent., entorhinal cortex; F., fimbria; Prs., presubiculum; Rsp., retrosplenial region; S., subi- 
culum ; 8.0.Q., superior corpus quadrigeminum; 7’., thalamus; V., cavity of lateral ventricle. 


In the following account the fibre degeneration described is that found in the 
experimental animal only. Trans-callosal degeneration occurred in both experi- 
mental and control animals as a result of damage to the overlying neo-cortex 
during the exposure, but apart from this the controls were negative. The 
lesions did not involve the medial cortex. Text-fig. 1 shows the regions of the 
hippocampal formation concerned. 


Histol The dorsal hippocampal commissure 


Following a lesion of the dorsal commissure to one side of the median plane, 
investigation of the mid-line region and the contralateral hemisphere showed 
degenerating fibres taking a course identical with that described by Cajal 
(1911, 1955) for his angular tract. In parasagittal sections of the contralateral 
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hemisphere at or near the mid line the degeneration is found mainly in the 
angle between the subiculum and the presubiculum and is seen to extend 
forwards over the posterior part of the ventricular alveus and backwards over 
the corresponding surface of the presubiculum (Text-fig. 2). In more lateral 
sections the degenerating tract is restricted to the angle mentioned, i.e. it does 
not spread out over the alveus or presubiculum (Text-fig. 3). Degenerating 
fibres leave the tract, turn downwards and outward and then pass directly 


Text-fig. 2. Extent of degeneration (shown by dotted areas) in the angular tract of Cajal and the 
upper entorhinal cortex in a parasagittal section, fairly near the mid line. 


Text-fig. 3. A more lateral parasagittal section than Text-fig. 2, showing the path taken by 
degenerating’ fibres as they pass from the angular tract of Cajal to the upper entorhinal 
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backwards to reach the upper part of the entorhinal cortex (Text-figs. 2, 3; 
Pl. 1, figs. 1, 2). Examination of this cortex shows degenerating fibres and 
their arborizations to be present throughout its entire depth (Pl. 1, fig. 1) and 
over a region which corresponds closely to the spheno-occipital or angular 
ganglion of Cajal (1955, p. 167, Fig. 100). The upper limit of the area of degenera- 
tion is sharply demarcated, while at its lower boundary the transition to 
normal cortex is more gradual. 

All other regions were negative with regard to the termination of dorsal 
commissural fibres. No degeneration was found among the neurones of the 
contralateral Ammon’s horn, the dentate fascia or the subiculum. On the 
ipsilateral side degeneration was found in the presubiculum only where there 
had been damage to the posterior part of the dorsal alveus and also probably 
interruption of fibres coming from the cingulate cortex (Adey, 1951). 


Electrical recordings 

When the dorsal commissure is stimulated recordings made from the contra- 
lateral hemisphere show a primary response in the upper part of the entorhinal 
cortex. From this region impulses travel to the dentate fascia on the same side 
to elicit a secondary response, which is enhanced by repetition of the stimulus. 
Systematic stimulation of the hippocampus with recording of the primary 
response at a fixed point in the entorhinal cortex shows that the dorsal com- 
missure sweeps forwards in the mid line to form a cusp. Axons contributing 
directly to the dorsal commissure are found to arise in the contralateral 
presubiculum. The contralateral Ammon’s horn is able to elicit a response only 
if stimulated repetitively. 

Stimulus pulses were applied to a needle screwed approximately into the 
middle of the dorsal commissure 0-5-1-0 cm from the mid line. The bare tip of 
the stimulus needle had a diameter of 100 » and the current spreading from 
this tip stimulated most of the fibres running in the commissure. Responses 
recorded in the contralateral hemisphere are shown in Text-fig. 4, in which the 
depths of recording are measured along the electrode track from the surface of 
the Ammon’s horn. The records in the first three columns were obtained by 
moving the recording electrode on a track that passed obliquely from the 
anterior region of the Ammon’s horn through part of the lower limb of the 
dentate fascia to the entorhinal cortex (track B in Text-fig. 5). The part of the 
entorhinal cortex giving the largest responses to the stimulus was found to 
correspond to that indicated by Cajal (1955) in his fig. 100 and the oblique 
electrode track was aimed to reach this region from above and in front. 

The second column of Text-fig. 4 shows a primary negative response occurring 
3-4 msec after the stimulus and located deep in the entorhinal cortex, between 
10-2 and 11-4 mm down the electrode track. Only 50 » further down the track 
the response becomes diphasic with an initial positive wave. The recording 
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Text-fig. 4. The termination of the dorsal commissure. The commissure was stimulated in the con- 
tralateral hemisphere: the first two columns and the third are recordings from two separate 
runs in different animals on oblique tracks (track B in Text-fig. 5) passing from the front edge 


of the Ammon’s horn to the entorhinal 


area; the last two columns show responses to single 


and repetitive stimuli of the same voltage recorded on a vertical track (track C in Text-fig. 5) 


through the Ammon’s horn to the dentate gyrus and area CA,; the repetitive stimuli were 
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electrode is here among the apical dendrites of the entorhinal neurones. The 


pia is reached at 13-8 mm where the response is somewhat diminished. The 
primary negative wave has a duration of 5 msec and represents the integrated 
action potentials of the entorhinal neurones. In some recordings made on 
other tracks a small initial spike of 1 msec duration, due to the afferent 
impulses in the commissural axons, can be seen to precede the response 
described above. The third column shows recordings from part of a track 
similar to the first but in another animal. Here the negative response occurs 
between 8-0 and 8-5 mm from the beginning of the track, and the inversion is 
at 8-75 mm. It can be seen that the repetitive stimulation used in this third 
column does not alter the response recorded. 


Text-fig. 5. Diagram of a parasagittal section to show the direction of electrode tracks referred to 
in the text. The dorsal cortex and corpus callosum have been removed between the jagged 
lines to expose the hippocampus for electrical recording. 


The first column of Text-fig. 4 shows that there is a later response 10 msec 
after the stimulus in the first 7 mm of the track through the Ammon’s horn 
and dentate region (see track B, fig. 5). This secondary response is recorded 
with negative initial polarity deep in the dentate region 4-7 mm down the 
track. In the first 4 mm of the track the response is recorded with positive 
initial polarity indicating that these regions receive current flowing from the 
neurones stimulated deep in the dentate fascia, but do not themselves respond 
to afferent impulses. In the first 1 mm of the track the recording electrode 
passes through the Ammon’s horn and the pyramidal neurones are not 
responding. 

The last two columns of Text-fig. 4 were obtained from a perpendicular 
track through the Ammon’s horn to the dentate fascia (track C in Text-fig. 5) 
in which at each depth of recording a single stimulus was applied, and then 
repetitive stimuli of the same strength. It is clear that the repetitive stimula- 
tion elicits a much greater response in the dentate fascia. The initial spike due 
to impulses in afferent axons is also enhanced by repetitive stimulation, although 
the primary response in the entorhinal cortex is not. This suggests that the 
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axons afferent to the dentate region do not arise from neurones stimulated 
directly by the axons of the dorsal commissure. 

The recordings made in the first 1 mm of the track, as the tip passed through 
the Ammon’s horn, show a positive wave which with single stimuli is unchanged 
in depth (columns 1 and 4). Repetitive stimuli (column 5), however, elicit 
, alate response with a latency of 30 msec. This response decreases in amplitude 
between 0 and 1 mm, and so may be due to the pyramidal neurones of the 
Ammon’s horn. The records suggest that the afferent impulses arrive near the 
surface of the Ammon’s horn, perhaps by the alvear pathway, and are not 
therefore carried by axons emanating from the dentate fascia. The evidence 
is not conclusive on these points however, since the long latency allows 
; asynchrony to develop, and the responses are weak. 

Text-fig. 6 contains recordings on a faster time base of the primary response 
of a fixed point in the entorhinal area to stimulation of the dorsal commissure 
at various positions near the mid line. The records show that stimulation in an 
anterior position is more effective at the mid line than on either side of it. In 
the most anterior position represented by the first row of records the response 
is weak even with stimulation at the mid line and cannot be increased signi- 
ficantly by screwing the electrode down from the surface. This suggests that 
the responses obtained by stimulating mid line frontal positions are due to the 
axons of the dorsal commissure sweeping forwards to form a cusp at the 
mid line, and are not due to an afferent tract coming from in front to join 
the commissure in the mid line. 

The lower rows of Text-fig. 6 show that responses can be obtained by stimu- 
| lating the medial side of the eminence that the Ammon’s horn forms near the 
mid line. Responses can also he obtained by stimulating the surfaces of the 
corpus callosum that face the Ammon’s horn posteriorly near the splenium. 
There is no evidence that these responses are due to axons arising from the side 
of the Ammon’s horn or belonging to the corpus callosum and arising in the 
neo-cortex. In both cases the responses could be due to commissural axons of 
passage that happen to spread out from the main commissural path over 
the adjoining surfaces of the mid-line subiculum and corpus callosum (see 
Cajal, 1955, figs. 48 and 49). The two records in the lowest row of Text-fig. 6 
show that the latency increases by 0-75 msec in a conduction distance of about 
lem, giving a conduction velocity of about 13 m/sec. 

, In order to locate by stimulation the origin of the axons in the dorsal 

co.amissure it was found better to record the primary entorhinal response than 
to record the spike in the commissure itself. This was because the entorhinal 
response had a much larger amplitude than the spike, and was readily recog- 
nizable by its pattern of change with depth, whereas the axon spike in the 
commissure is not distinctive and there is some risk of recording from deeper- 
, lying axons not belonging to the commissure. Text-fig. 7 contains records of the 
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primary entorhinal response to stimuli applied at the points indicated. The first 
block of records shows that responses could be obtained by stimulating the 
commissure itself and the presubiculum lying behind it, whereas the Ammon’s 
horn in front gave little or no response. 


Posterior 


Text-fig. 6. The passage of the dorsal commissure through the mid line. All the recordings were 
made from a fixed position in the entorhinal cortex; the positions of stimulation are indicated 
in the diagram of the dissected hippocampal system as seen from above. 


The latencies seen in the fourth row, when compared with those in the third, 
suggest that the axons coming from the presubiculum may have a rather 
lower conduction velocity than the rest of the dorsal commissure. There may 
be other sources of commissural axons that we have not located, since the 
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entorhinal area was not exposed and was difficult to explore. When the 
stimulating and recording electrodes were interchanged, it was not possible to 
record a spike from the dorsal commissure when the contralateral entorhinal 
area was stimulated. 

The last three columns of Text-fig. 7 show the responses obtained in the 
entorhinal area by stimulating the Ammon’s horn at the various depths 
indicated. It was found that a response could be obtained from the contra- 
lateral Ammon’s horn by repetitive stimulation within 5 mm of the mid line in 
both the anterior and the posterior parts of the Ammon’s horn. These responses 
are shown in the fourth column and it can be seen that a single stimulus 
elicits an insignificant response, while ten or twelve stimuli of the same 
strength delivered at the rate of 9/sec give a moderately large response. This 
effect suggests that the axons stimulated do not contribute directly to the 
dorsal commissure but are afferent to an area, perhaps in the presubiculum, 
which does send axons to the dorsal commissure. The response can be obtained 
by stimulation at such a wide range of depths that it is difficult to identify the 
elements responsible. 

The responses to stimulation of the ipsilateral Ammon’s horn, which are 
shown in the last two columns of Text-fig. 7, could be obtained from near the 
mid line and from lateral positions on the Ammon’s horn but only from the 
posterior half, that is, half way between the fimbria and the dorsal commissure. 
The responses consist of two components, the later one being enhanced by 
repetition of the stimulus, the earlier one being unaffected (note that the 
amplifications are different in columns 5 and 6). It seems that the ipsilateral 
Ammon’s horn makes a small direct contribution to the angular pathway and 
a larger indirect one similar to that made by the contralateral Ammon’s horn. 
The depth range again makes identification of the elements concerned difficult. 


Histol Commissural components of the fimbria 

Lesions were made in the fimbria near the point where it approaches the mid 
line. Examination of the contralateral hemisphere showed degenerating fibres 
in the fimbria. In sections near the mid line these were seen to be more 
numerous in the posterior part of the fimbria and in more lateral sections were 
virtually limited to the posterior half (Text-fig. 8; Pl. 1, fig. 3). 

From the base of the fimbria degenerating fibres could be seen passing over 
the inferior limb of the dentate fascia into its hilum (Text-fig. 8; Pl. 2, fig. 4). 
Here they spread out in relation to the perikarya and dendrites of the 
neurones of CA, (Lorente de N6é, 1934). There was a zone between the neurones 
of CA, and the granules of the dentate fascia in which no degenerating fibres 
were seen. This suggests that commissural fibres terminate in the former but 
not in the latter region. In two animals a few degenerating fibres could be 
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traced over the dorsal alveus to the presubicular cortex, and in both these 
cases the lesion was sufficiently near the mid line to have interrupted fibres 
passing back from the septal area and then crossing in the commissure; there 
is some electrical evidence in support of this, but the possibility that these 
fibres have their origin in the contralateral Ammon’s horn cannot be excluded. 


Anterior Posterior 
Text-fig. 8. Extent of degeneration (shown by dotted area) in the posterior half of the fimbria, the 
dentate fascia, dorsal alveus and presubiculum following a lesion of the contralateral fimbria: 
parasagittal section near the mid line. 


Electrical recordings 

The commissural component of the fimbria can be shown to be adjacent to 
the Ammon’s horn, whereas the anterior part of the fimbria is uncrossed, and 
passes forwards through the septal nuclei. The origin of the commissural axons 
can be traced by stimulation only as far as the region lying behind the contra- 
lateral fimbria. Stimulation of the commissural axons elicits a primary response 
in the contralateral dentate fascia, and responses that are probably secondary 
in the pyramidal neurones of fields CA, and CA, of the Ammon’s horn. 

In order to find which parts of the fimbria are commissural, a stimulating 
electrode was screwed into part of the fimbria on one side and a recording 
electrode adjusted to the corresponding position in the other hemisphere. 
Responses obtained in this way are shown in the first six records of the first 
column of Text-fig. 9. The key shows that positions | and 4 which gave strong 
contralateral responses are adjacent to the Ammon’s horn, the latency changing 
with the conduction distance. The bottom three records show the responses, 
recorded in the lateral septal nucleus, to stimulation of parts of the ipsilateral 
fimbria. Comparison with the key shows that the more anterior parts of the 
fimbria give the larger responses in the ipsilateral septal nucleus. The small 
positive spike seen in the fifth record is due to some component of the fimbria 
passing near or stopping short of the recording electrode, but this component 
has not been identified. 
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To locate the origin of the commissural axons recordings were made from 
a fixed position in the commissure on one side while the stimulus needle was 
moved on a vertical track passing through the Ammon’s horn 1-0 mm behind 
the fimbria in the contralateral hemisphere. The results are shown on a fast 
time base in the second column of Text-fig. 9. The larger responses were 
elicited by stimuli delivered at points 1-5-3-0 mm down the electrode track. 


Depth of stimulation 
(mm) 


<P 


Record at 8 


Text-fig. 9. The structure of the fimbria and the origin of the ventral commissure. The first six 
records in the first column were obtained by stimulating and recording at corresponding 
positions in the two hemispheres as indicated by the numbered positions in the diagram of the 
dissected hippocampal system as seen from above, the last three records are from position 8 in 
the septal nucleus with stimulation of positions 4, 5 and 6; the second column shows responses 
recorded from position 4 with stimulation at various depths on a track through position 9. 


A finer localization could not be obtained when a stimulating needle of only 
15 zs diameter was used. This suggests that commissural axons arise in various 
parts of the Ammon’s horn and perhaps the dentate fascia and converge on the 
fimbria. On a track 2 mm behind the fimbria the stimulating needle was able 
to elicit only small responses in the contralateral commissure, and there was 
no sign of a more precise localization. The latency of 1-2 msec with a conduc- 
tion distance of 1-5cm corresponds to a conduction velocity of 12-5 m/sec, 
which is similar to that of the dorsal commissure. 

The connexions made by the commissural axons in the contralateral 
Ammon’s horn and dentate fascia were studied by making recordings in two 
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planes. In Text-fig. 10 the first two columns relate to two nearly horizontal 
tracks passing from just above the fimbria back through field CA, of the 
Ammon’s horn to field CA, and part of the dentate fascia (track A in Text-fig. 5). 
The last two columns were obtained from a single vertical track through field 
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Text-fig. 10. The termination of the ventral commissure. The commissure was stimulated in one 
hemisphere and the recordings made on two horizontal tracks (track A, Text-fig. 5) from 
area CA, to CA, (first two columns), and one vertical track (track C, Text-fig. 5) from area 
CA, to the dentate fascia (last two columns); repetitive stimulation at 8/sec. 
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CA, of the Ammon’s horn to the hilum of the dentate fascia (track C in Text- 
fig. 5). In each case the stimuli were delivered by a needle in the ventral 
commissure at a point 7 mm from the mid line in the contralateral hemisphere. 

The first two columns show an early negative spike response at 1-3 and 
1-4 mm which is unaffected by repetition of the stimulus. This indicates that 
the afferent impulses are received in either field CA, or in part of the dentate 
fascia. Above, between 0-6 and 1-2 mm, there is a positive wave due to current 
flow from neighbouring active cells, and in the field CA, of the Ammon’s horn 
from 0 to 0-5 mm a later response is augmented by repetition of the stimulus. The 
second pair of columns also shows a late response in the pyramidal neurones of 
field CA, between 0 and 1-0 mm. This response is greatly enhanced by repetitive 
stimulation, and clearly contains several components. It may well be that 
groups of afferent impulses travel by various routes to reach the pyramidal 
neurones at different times. Below field CA,, from 1-0 to 2-9 mm there is little 
response in the hilum of the dentate fascia, the positive deflexions indicating 
that there are active neurones nearby. Afferent impulses carried by the axons 
of the ventral commissure arrive then in the region of field CA, and the anterior 
part of the dentate fascia, and not in the convexity of the latter. All fields of 
the Ammon’s horn receive impulses that are probably secondary, since the 
responses are augmented by repetitive stimulation. These secondary responses 
are multiple in field CA, suggesting that several kinds of afferent axons are 
involved. 


Histol Non-commissural components of the fimbria 


Following a lesion in the fimbria near the mid line, parasagittal sections 
taken from the ipsilateral hemisphere lateral to the lesion showed degenerating 
fibres in the anterior as well as in the posterior half of the fimbria (Text-fig. 11). 


Anterior Posterior 
Text-fig. 11. Extent of degeneration (shown by dotted area) in the fimbria, dentate fascia, dorsal 


alveus and presubiculum following an ipsilateral lesion of the fimbria medial to the plane of 
section; parasagittal section. 
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These could be traced back in the alveus (Pl. 2, fig. 6) to the anterior limit of 
the angular tract where they turned ventrally to become dispersed throughout 
the presubicular cortex (Text-fig. 11; Pl. 2, fig. 7). The dividing line between 
the field of the presubiculum showing extensive degeneration and that of the 
neighbouring subiculum, in which no degeneration appears, was sharp (PI. 2, 
fig. 8). Some degeneration extended back into the retrosplenial area. 
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Text-fig. 12. The connexions of the lateral septal nuclei. The anterior part of the fimbria was 
stimulated and recordings made on a vertical track through the ipsilateral septal nucleus 
(first column) and the contralateral nucleus (second column): the third column shows 
recordings from a fixed point in the fimbria with stimulation of the ipsilateral septal nucleus 
at the depths indicated. 


Electrical recordings 

The response of the septal nuclei to stimulation of the anterior part of the 
fimbria, which was mentioned briefly in connexion with Text-fig. 9, is shown 
in more detail in Text-fig. 12. The recording needle was moved on a vertical 
track through the centre of the lateral septal nucleus in each hemisphere. The 
responses recorded in the septal nucleus ipsilateral with the stimulation are 
larger and earlier than those in the contralateral nucleus. The change of the 
responses with depth is not marked or distinctive, but this is in keeping with 
the diffuse histological structure of these nuclei. A small early response is seen 
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below 0-8 mm, while a large and later response is dominant above. Neither 
kind of response was found to be significantly augmented by repetitive stimu- 
lation and it is probable that both are primary responses. The difference 
between them may be determined by the diameter and abundance of the 
afferent axons eliciting the responses. 


0-2 0-4 A 


Text-fig. 13. The presubiculum. The recordings in the first two columns were made in the 
presubiculum at the depths shown with stimulation of the front edge of the ipsilateral 
fimbria (first column) and, in another animal, stimulation of the ipsilateral septal nucleus 
(second column); the third column shows the response recorded at a fixed position on the 
surface of the presubiculum when stimuli were applied at the various depths indicated on an 
oblique track from the base of the fimbria to the apex; the last column shows recordings at 
various depths in the presubiculum with stimulation of the fimbria at a position 0-4 mm 
down the previous track. 


When the septal nuclei are stimulated, an axon spike can be recorded in the 
ipsilateral fimbria, as shown on a fast time base in the second column of 
Text-fig. 12. The region from which responses can be elicited is again diffuse, 
and is more ventral than that responding to afferent impulses. 

It was found that stimulation of a septal nucleus or of part of the fimbria 
evoked a response in the presubiculum. The first column in Text-fig. 13 shows 
the response of the presubiculum to stimulation of the front edge of the fimbria. 
Because of the dorsal approach to the presubiculum the recording needle enters 
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the white matter first and with increasing depth approaches the pia of the 
presubiculum. The latency of the response is about 12 msec and the wave is of 
negative polarity at the white matter surface of the presubiculum, inverting 
at about 1-2 mm to a positive wave which persists until the pia is reached. 
Thus the polarity of the response of the presubiculum changes in the same way 
with depth as does that of the entorhinal area and the neo-cortex. The second 
column contains recordings from another animal in which the ipsilateral septal 
nucleus was stimulated. The slight differences in the patterns shown in these 
two columns may be due to making the recordings from slightly different 
regions of the presubiculum. It can be shown, however, that the form of the 
recording changes somewhat with the position of the stimulating electrode in 
the fimbria. 

In the third column of Text-fig. 13 the records were obtained by keeping the 
recording electrode fixed at the surface of the presubiculum while the stimu- 
lating electrode was screwed obliquely through the fimbria from the posterior 
and dorsal junction of the fimbria with the Ammon’s horn to the anterior and 
ventral apex of the fimbria (track D in Text-fig. 5). The recordings shown in 
the first two columns are similar to those evoked by stimulating the anterior 
and ventral part of the fimbria. In the first 0-5 mm of the track of the stimu- 
lating electrode another wave is evoked with a shorter latency. The pattern of 
change with depth of this kind of recording is shown in the fourth column of 
Text-fig. 13. It is seen that the later of the two waves follows exactly the same 
pattern of change with depth as the responses in the first two columns, 
whereas the earlier wave is unchanged with depth. This earlier positive wave is 
almost certainly due to electrotonic spread of a response in the dentate fascia. 
The position of the stimulating electrode would cause the axons of the ventral 
commissure to be activated and to evoke responses in the dentate fascia as 
described above. 

It was found that some response could be recorded from the presubiculum 
when the contralateral septal nucleus was stimulated, though the response was 
smaller and later than those shown in Text-fig. 13. Thus some of the septal—pre- 
subicular fibres should be counted as crossed, as should the part of the fimbria 
that evoked a weak response in the contralateral septal nucleus as described 
above. 


Histol The perforant pathway 


Cajal (1911, 1955), Lorente de Né (1934), and others, have described 
a system of fibres arising laterally in the entorhinal cortex and running medially 
before perforating the grey matter of the subiculum to end in the ipsilateral 
dentate fascia and Ammon’s horn. These fibres form a distinct pathway 
"ning parallel and posteriorly adjacent to the angular tract in the medial 
direction on the white-matter surface of the presubiculum. On reaching the 
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more medial part bf the presubiculum, the fibres turn downwards and forwards, 
penetrating the subiculum and the hippocampal fissure to end in relation to 
the dentate fascia and Ammon’s horn (see Cajal, 1955, fig. 57, p. 97). 
Electrical recordings 

Stimulation in the presubiculum was found to evoke a response in the ipsi- 
lateral dentate fascia and Ammon’s horn. The first two columns of Text-fig. 14 
contain responses evoked by single stimuli applied to the surface of the pre- 
subiculum. The third column relates to repetitive stimulation in the presubi- 


culum at a depth of 1 mm. When the stimulating electrode was screwed down 
- aoe the depth of the presubiculum while the recording electrode remained 
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Text-fig. 14. The perforant pathway. The presubiculum was stimulated at the surface and the 
recordings shown in the first two columns made on a vertical track through area CA, to the 
dentate fascia. The records in the third column were made on a similar track, but the stimuli 
were applied at a depth of 1 mm in the presubiculum and at a repetition rate of 8/sec. In the 
last column the records were all made from a fixed position 1-6 mm deep in the dentate fascia 
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in the dentate fascia, it was found that the origin of the afferent axons was 
diffuse, as is shown in the fourth column. No distinctive features could be 
found at any depth of recording by stimulating at different depths in the 
presubiculum, so the first three columns of Text-fig. 14, relating to stimulation 
at 0 and 1-0 mm in the presubiculum, are comparable. The effect of repeating 
the stimulus is thus to evoke a secondary response in the Ammon’s horn. The 
responses, due to the pyramidal neurones of the Ammon’s horn, shown in the 
first six records of the third column, are closely similar to those that we have 
described previously using local stimulation (Cragg & Hamlyn, 1955). With 
single stimuli the records from the Ammon’s horn are almost unchanged in 
depth and are clearly due to electrotonic spread of current from the active 
neurones in the dentate fascia beneath. The negative spike of the afferent axon 
is first seen at 1-6 mm in columns two and three. This spike and the subsequent 
response of the neurones in the fascia dentata are not noticeably affected by 
repetition of the stimulus, whereas the response of the Ammon’s horn is 
greatly enhanced. 
DISCUSSION 
The dorsal hippocampal commissure 

In his account of connexions of the dorsal hippocampal commissure in rodents, 
Cajal (1911, 1955) states: ‘Only the application of anatomico-pathological 
methods like that of Marchi, will enable us to decide whether both contingents 
(of the dorsal commissure) are only commissural or whether they are cruciate 
conductors of association extending between the angular ganglion of one side 
and the presubiculum of the other.’ The present work, based on experimental 
evidence, shows that the dorsal commissural fibres terminate extensively in 
the upper entorhinal cortex. Electrical evidence has been presented showing 
that these fibres take origin in the presubiculum, whereas stimulation of the 
entorhinal cortex itself gave negative results in the opposite hippocampal 
formation and entorhinal cortex. This is in agreement with Adey & Meyer 
(1952) who, working with monkeys and using the Marchi technique, found no 
degeneration in the hippocampal formation or hippocampal gyrus of the contra- 
lateral hemisphere after an extensive lesion in the entorhinal cortex. It 
appears, then, that the fibres of the dorsal commissure are cruciate fibres, 
projecting from the presubiculum to the upper entorhinal cortex of the opposite 
hemisphere. The anatomical disposition of the tract thus agrees with Cajal’s 
description, but the origin appears to be in the presubiculum and the termina- 
tion in the entorhinal cortex rather than the reverse. 


Commissural components of the fimbria 
Cajal (1911, 1955) considered that the ventral hippocampal commissure 
united ‘the marginal and inferior regions of the [Ammon’s] horn of one side 
with the corresponding area of the other’. Lorente de Né (1934), also using 


— 
a 
4 
> 
, 
‘ 
ij 
4 
4 
-¢ 
a 
‘ 
a 
4 


480 B. G. CRAGG AND L. H. HAMLYN 


Golgi preparations, found that the ventral commissural fibres were distributed 
in areas CA, to CA, and perhaps also to the dentate fascia. 

The termination of this commissure has been studied in several experimental 
investigations. Allen (1948), working on dogs with the Marchi technique, 
found degeneration in the base of the fimbria and extending into the hilum of 
the dentate fascia, after dividing the hippocampus of the opposite side. 
Sprague & Meyer (1950), using rabbits and staining with the Glees method, 
found that ventral commissural fibres terminated in all layers of the Ammon’s 
horn and especially in the dentate fascia. However, Powell & Cowan (1955) 
could detect no loss of fibres in the opposite fimbria and alveus of the rabbit 
after unilateral fimbrial section. These negative findings are possibly due to the 
difficulty of observing scattered fibre loss in Bodian preparations, combined 
with the fact that the ventral hippocampal commissure in the rabbit is not 
large (the same authors obtained evidence of ventral commissural fibres in the 
rat). In our material the degenerating ventral commissural fibres are not 
tightly packed and so are no doubt surrounded by many normal fibres. In any 
case the commissural fibres are of small calibre, so that degeneration on the 
basis of fibre loss might be difficult to detect. Some sections were stained with 
the Glees method, but as satisfactory preparations were not obtained a direct 
comparison with the results of Sprague & Meyer (1950) was not possible. 

The present findings are in general agreement with those of Cajal (1911, 
1955) and Allen (1948) in that the commissural fibres end in relation to the 
fields CA, and CA, of the Ammon’s horn. The information given about the 
origin of the ventral commissure is limited: stimulation in the region of the 
base of the fimbria gives a contralateral response, but fibres could be con- 
verging on the stimulated region from any part of the adjoining hippocampal 
formation. 

Knowledge of the commissural connexions of the hippocampus is not com- 
plete. Further experimental studies are needed to localize the origin of the 
commissural fibres, and it would be of interest to know whether there is 
a symmetrical point-to-point connexion in the ventral commissure as in the 
case of the corpus callosum, That specific fibre groups terminate at particular 
cortical levels in different regions of the hippocampal formation is stated by 
Blackstad (1955) as a result of experimental studies in the rat. 


Non-commissural components of the fimbria 
Examination of normal material has given conflicting results over the 
question of an afferent tract to the hippocampus via the fimbria. Cajal (1911, 
1955) and Lorente de Né (1934) could find no evidence for such a pathway. On 
the other hand, a septo-hippocampal pathway has been described by Kappers, 
Huber & Crosby (1936). More recently experimental evidence of the existence 
of caudally-directed fibres in the fimbria has accumulated. Gerebtzoff (1939) in 
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a Marchi study found degeneration in the Ammon’s horn of the rabbit after 
a lesion involving the basal part of the septal area. Morin (1950), also using 
the Marchi technique and working with guinea-pigs, found that septal lesions 
caused degeneration to spread back into the ventral hippocampal commissure 
and the fimbria. Electrophysiological studies in the cat by Stoll et al. (1951) 
demonstrated afferent and efferent connexions passing in the fimbria between 
the septum and the tip of the temporal lobe. 

The site of origin of these caudally-directed fibres has been more precisely 
investigated by retrograde cell studies. Daitz & Powell (1954) found that 
section of the fimbria in the rat, rabbit and monkey resulted in complete 
atrophy of the neurones of the medial septal nucleus and partial degeneration 
of the nucleus of the diagonal band. The findings for the medial septal nucleus 
in the monkey were confirmed by McLardy (1955). 

The present work relates mainly to the further course of these septo-fugal 
fibres in the fimbria, where they are found principally in its anterior and ventral 
half. They then course back in the dorsal alveus to the presubiculum. As all 
lesions were made in the fimbria lateral to the mid-line region, the possibility 
that in addition fibres ascend in the dorsal fornix from the septal nuclei has not 
been excluded. Gerebtzoff (1939) and Sprague & Meyer (1950) describe such 
a tract, but Daitz & Powell (1954) in their retrograde cell studies found no 
confirmatory evidence. Electrical investigation of the inferior and ventral 
parts of the hippocampal formation in the rabbit is hampered by difficulties of 
exposure, so that the present results are mainly confined to the dorsal regions. 
Thus the possibility of septo-fugal fibres travelling in the fimbria to the tip of 
the temporal pole has not been excluded. 


Secondary responses 

The successive orders of neurones in the hippocampal system are suffi- 
ciently separated to show clear differences between primary and secondary 
responses. Secondary responses differ from primary responses in the marked 
facilitation produced by slow repetition of the stimulus, as well as increased 
latency. Temporal summation has been seen in the spinal cord at repetition 
rates of 100/sec or more by Eccles & Rall (1951) and others. The facilitation 
obtained in the hippocampus at a repetition rate of only 8/sec would imply an 
excitation lasting 125 msec. It is possible though unlikely that the hippo- 
campal neurones differ so greatly in their time constants from spinal cord 
neurones. The facilitation at low repetition rates may well be a property 
peculiar to large interconnected assemblies of neurones (see Cragg & Temper- 
ley, 1955). It may be analogous to the recirculation of impulses expected to 
occur in hypothetical circuits of small numbers of neurones. 
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Comparison of electrical and histological methods 

The method of recording used in this work would not detect inhibitory 
connexions. The only tract known anatomically of which we have failed to 
find electrical correlates is the component of the perforant pathway afferent to 
the pyramidal cells of the ipsilateral Ammon’s horn. On functional grounds it 
is likely that such an interconnected system as the hippocampus contains 
a considerable proportion of inhibitory fibres. It may well be that most of 
the tracts contain a mixture of excitatory and inhibitory fibres, and that the 
form of stimulation used causes the excitatory effects to outweigh the inhibi- 
tory sufficiently to be recorded by the extracellular electrode. It will be noted 
that the action potentials have characteristic and repeatable shapes and 
patterns of change with depth in the Ammon’s horn, dentate fascia, presubi- 
culum, septal nucleus and entorhinal area. These effects are almost certainly 
due to the geometry of the cell bodies and dendrites in the areas concerned 
rather than to peculiarities of the neuronal membrane action potential. 
Precision in the tracing of neural pathways is obtainable provided that 
a repeatable and characteristic pattern of change of response with depth is 
established : current spreading from distant active centres can be recorded but 
not always recognized with surface electrodes. 

Experimental histological study of this region is not easy, mainly because 
the most useful techniques for demonstrating degenerating nerve fibres and 
terminals involve the staining of frozen sections, so that serialization is 
laborious and difficult. Material to be stained with the Nauta method can 
be embedded and cut in carbowax (Guillery, 1956), which does allow serial 
treatment, although at considerable labour as the sections still have to be put 
through the staining processes in the unmounted condition. In view of these 
difficulties, as well as those of interpretation, the combination of electrical with 
histological studies in problems of this kind is felt to be a most useful one. 
Apart from the reciprocal check on results, there are other advantages. The 
electrical technique is very suitable for preliminary survey, and in particular 
for locating the site of origin of tracts, as may be seen from the investigation 
of the commissures. The histological studies, on the other hand, give more 
detailed information about the site of termination of fibres, as in the case of 
the demonstration of the endings of ventral commissural fibres in relation to 
— CA, of the Ammon’s horn rather than to the neurones of the dentate 

ia. 

Since the review by Brodal (1947) it has been generally accepted that the 
hippocampal-fornix system is remotely if at all concerned with olfaction. 
Much experimental work has been carried out which suggests that the limbic 
system generally forms the anatomical basis for emotional behaviour and the 
higher regulation of autonomic function. This extensive literature has been the 
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subject of several reviews, to some of which the reader is referred (Papez, 1937; 
Pribram & Kruger, 1954; McLean, 1954, 1955). The functions of the limbic 
system can as yet be defined in only the vaguest terms, and the addition of the 
connexions described in this paper to the already complex circuit diagram of 
the hippocampal-fornix system provides little further illumination. The results 
of many more physiological and behavioural studies will be needed before any 
systematic correlation with the anatomical structure can be attempted. 


SUMMARY 

1. Lesions have been made in the hippocampal commissures, and de- 
generating fibres traced by the Nauta method using control brains for 
comparison. 

2. The commissures have been stimulated electrically, and recordings made 
at various depths have established consistent patterns of response in neurones 
excited directly or after a further synaptic relay. 

3. The fibres of the dorsal commussure have been traced by both techniques 
through the mid line to their termination in the superior entorhinal area. Only 
secondary responses were detected in the Ammon’s horn and dentate fascia. 
The presubiculum was found to be the origin of some of the fibres in the 
commissure. 

4. The fibres of the ventral commissure have been traced by both techniques 
to their termination in the region of the dentate gyrus and area CA,. The 
histological method shows that they terminate in relation to the neurones of 
CA,. The electrical method was able to trace the commissural fibres from 
a diffuse origin behind the fimbria. 

5. A non-commissural component of the fimbria was traced to its termina- 
tion in the presubiculum by both techniques. Electrical stimulation showed 
that these fibres take origin in the septal region. 

6. The perforant pathway has been stimulated, and was found to evoke 
primary responses in the ipsilateral dentate fascia in a manner consistent with 
Cajal’s histological description. 

We wish to thank Professor J. Z. Young for helpful criticism; the Nuffield Foundation for 
financial support; and Mr J. A. Armstrong and Miss Thelma Marchment for carrying out the 
photomicrography. 
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EXPLANATION OF PLATES 
All sections stained by the Nauta method. 
PLATE 
Fig. 1. Entorhinal cortex, 5 days after section of the contralateral angular tract of Cajal. Many 
degenerating fibres are seen at all levels. 
Fig. 2. Oil-immersion field from the region shown in Fig. 1. 
Fig. 3. Transition zone between the anterior and posterior halves of the fimbria 5 days after 


section of the contralateral fimbria. Many degenerating fibres are seen in the posterior half 
of the fimbria (right half of the photomicrograph). 
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Fig. 4. Degenerating fibres in the hilum of the dentate fascia 5 days after section of the contra- 
lateral fimbria. 

Fig. 5. Control of fig. 4. No degenerating fibres are seen in the hilum of the dentate fascia 5 days 
after exposure only of the contralateral fimbria. 

Fig. 6. Degenerating fibres in the dorsal alveus (upper part of field) following section of the 

| fimbria. These do not extend into the stratum oriens (lower part of field). 

Fig. 7. Extensive fibre degeneration in the presubiculum following ipsilateral fimbrial section. 

Fig. 8. Junctional region of subiculum (right half of field) and presubiculum (left half of field) 
5 days after ipsilateral fimbrial section. Numerous degenerating fibres are seen in the 
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THE INFLUENCE OF CERTAIN CHEMICAL SUBSTANCES ON 
THE INITIATION OF SENSORY DISCHARGES IN PULMONARY 
AND GASTRIC STRETCH RECEPTORS AND ATRIAL 

RECEPTORS 


By A. 8. PAINTAL* 
From the Vallabhbhai Patel Chest Institute, University of Delhi, Delhi, India 


(Received 2 July 1956) 


In recent years there have been many investigations designed to elucidate 
the mechanism of excitation of cutaneous mechanoreceptors and carotid 
baroreceptors by chemical substances (Brown & Gray, 1948; Habgood, 1950; 
Jarisch, Landgren, Neil & Zotterman, 1952; Landgren, Neil & Zotterman, 
1952; Witzleb, 1952; Liljestrand, 1953; Douglas & Gray, 1953; Landgren, 
Skouby & Zotterman, 1953; Gollwitzer-Meier & Witzleb, 1954; Jarret, 1955; 
Diamond, 1955; Robertson, Swan & Whitteridge, 1956; Lowenstein, 1956). 
Unlike chemoreceptors these receptors are normally activated by mechanical 
stimuli, Several different types of receptors normally also excited by 
mechanical stimuli are now known to exist in the thoracic and abdominal 
viscera, and the responses of these to chemical substances have also been 
studied. Of these, the pulmonary stretch receptors have been most frequently 
studied by means of chemical substances (Whitteridge & Biilbring, 1944; 
Walsh, 1947; Whitteridge, 1948; Meier, Bein & Helmich, 1949; Dawes, Mott 
& Widdicombe, 195la, 6; Mott & Paintal, 1953; Schneider & Yonkman, 
1953; Widdicombe, 1954). The cardiac receptors have also been studied in 
this way (Amann & Schaefer, 1943; Jarisch & Zotterman, 1948; Paintal, 
19536, 19556). In addition, the responses of two recently encountered 
sensory systems, the gastric stretch receptors and the pulmonary deflation 
receptors, to several diverse chemical substances have also been described 
(Paintal, 19546, 1955.). 

However, in spite of the considerable amount of information now available, 
little is known about the mechanism of excitation of these mechanoreceptors 
by different chemical substances. This is not surprising, because as far as the 
visceral receptors are concerned, interest has been centred on the reflex 


* Present address: Physiology department, Albert Einstein College of Medicine, Eastchester 
Road and Morris Park Avenue, New York 61. 
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effects produced by the chemical substances and not on the actual mechanism 
of excitation of the sensory receptors. 

One group of substances known to stimulate different types of visceral 
sensory receptors is veratrum and its individual alkaloids (Amann & Schaefer, 
1943; Jarisch & Zotterman, 1948; Meier et al. 1949; Dawes et al. 1951a; Paintal, 
19556), but apparently little is known about the mechanism of stimulation of 
these receptors by the alkaloids of veratrum. This is surprising, as a great 
deal of work has been done on the effects of veratrum on peripheral nerves and 
a large amount of electro-physiological information is available on the changes 
in nerve following the application of veratrum (see review by Krayer & 
Acheson, 1946). Indeed, it is noteworthy that many investigators working 
with veratrum or its alkaloids have failed to notice the remarkable phenomenon 
of intense stimulation coupled with desensitization of the receptors produced 
by the alkaloids of veratrum. This response contrasts with the pure sensitiza- 
tion of pulmonary stretch receptors by volatile anaesthetics first described 
by Whitteridge & Biilbring (1944). A similar sensitization has also been seen 
in carotid baroreceptors following volatile anaesthetics (Robertson et al. 1956). 

In view of the above it was felt that much more information was needed 
and the present investigation was undertaken in an attempt to collect informa- 
tion which will throw some light on the mechanism of stimulation of receptors 
by veratrum alkaloids. The following types of sensory receptors normally 
aroused only by mechanical stimuli have been studied: pulmonary stretch 
receptors (Adrian, 1933), gastric stretch receptors (Paintal, 1954a), regarded 
by Iggo (1955) as tension receptors, and atrial receptors type A and type B 
(Paintal, 1953a). - 

METHODS 


Experiments were carried out on adult cate. The details of the techniques used for the dissection 
of vagal nerve fibres were identical with those used earlier (Paintal, 1953c). The methods of 
identifying the atrial receptors and the gastric stretch receptors were similar to those reported in 
previous papers (Paintal, 19534, 19542). 

In studying the responses of the pulmonary stretch receptors, the cat’s chest was opened and 
artificial respiration carried out with a Palmer Ideal respiratory pump. The threshold of excita- 
tion of these receptors was determined by inflating the lungs with known volumes of air from a 
100 ml. syringe. The same system was used to estimate the adaptation rates of these receptors. 
In administering trichlorethylene, air from the respiratory pump was blown through a 1 in. column 
of the anaesthetic contained in a Wolff’s bottle. The more desirable system used by Whitteridge 
& Biilbring (1954) was not considered necessary in the present case. The pump had a linear stroke 
up to peak inflation. Thereafter the lungs were allowed to collapse rapidly, as illustrated by the 


‘intratracheal pressure records in Fig. 1. 


The alkaloids of veratrum were injected through catheters either into the right atrium when 
studying the responses of the pulmonary stretch receptors and atrial receptors or into the 
abdominal aorta when recording the responses of gastric stretch receptors. The aortic catheter 
was introduced at the point of bifurcation of the aorta and pushed cephalad so that its tip lay 
cephalad to the coeliac artery. The atrial catheter was introduced through the external jugular 
vein. The dead space of these catheters was always taken into account in estimating the amount 
of the chemical substances introduced into the circulation. 
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The alkaloids of veratrum injected were germitrine, germerine, neogermitrine (all kindly sup- 
plied by the Squibb Institute for Medical Research, New Brunswick) and veratridine (kindly 
supplied by Professor Otto Krayer). These were first dissolved in dilute HCl and then diluted 
with 0-9% NaCl (w/v). Veriloid (Riker Laboratories), which is a mixture of several alkaloids of 
veratrum viride, was diluted with 09% NaCl (w/v). The final concentrations of the alkaloids 
injected varied from 100 to 200ug/ml.; the volume of injection was kept constant at 2 ml. The 
injection signal consisted of a 2 V light source connected to a foot switch. 


RESULTS 
Stimulation and desensitization by veratrum alkaloids 

Pulmonary stretch receptors 

All the responses of these receptors were studied after opening the chest. 
Under these conditions and while the lungs are collapsed many of the pul- 
monary stretch fibres are normally inactive, but after the injection of one or a 
mixture of veratrum alkaloids they are stimulated; a continuous discharge, 
which persists during collapse of the lungs, sets in. This characteristic action 
of certain veratrum alkaloids is well illustrated in Fig. 14 and B which show 
the response in one fibre to 264g germitrine injected into the right atrium. 
This, and the other alkaloids, germerine, veratridine and neogermitrine used 
in this investigation, produced similar responses in 22 out of 24 fibres when 
injected in amounts ranging from 26 to 400g; the two fibres that were not 
stimulated were unaffected by even 350yug germitrine. The substance used 
most frequently was germitrine, and 26g of this, injected intra-atrially, was 
effective in stimulating nine pulmonary stretch receptors; but it is felt that 
lower amounts would also have stimulated these receptors. 

The interval between the beginning of injection and the onset of stimulation 
varied in different fibres from 2-5sec to 3 min. The onset was gradual or 
sudden; in the latter case it was usually precipitated by inflation of the lungs. 
Maximal stimulation was rapidly attained when the onset was sudden (Fig. 2). 
Once stimulation had set in, the further course of stimulation followed a 
pattern that was common to many fibres. A typical response is illustrated in 
Fig. 2, which shows graphically the activity in a pulmonary stretch fibre 
before and after 26 xg germitrine. In this fibre the stimulation which occurred 
about 4 sec after the injection of germitrine rapidly gained momentum to 
reach a resting discharge of over 200 impulses/sec; as the figure shows, this 
fell during the subsequent few seconds. The fourth inflation after the injection 


of germitrine terminated the discharge and a very short period of inactivity — 


then followed. More commonly, this period was of much longer duration, and 
during this period of depression normal inflation of the lungs did not produce 
the discharge which it had previously done, but a deep rapid inflation some- 
times produced a short burst of impulses (Fig. 5). This phase was followed by 
the sudden appearance of spontaneous discharge of impulses (Fig. 2); some- 
times this was as precipitated by inflation of the lungs, but often, as in Fig. 2, 
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Fig. 1. Effect of germitrine on pulmonary stretch receptors in a cat with open chest and artificia 
ventilation, A shows the normal response in a pulmonary stretch fibre to inflation of the 
lungs. B begins 8 sec after injection of 26g germitrine into the right atrium; the receptor is 
intensely stimulated and the discharge of impulses persists during collapse of the lungs. 
C is taken 14 sec after injection of germitrine; note that the frequency of discharge is less 
than that in B and the discharge gives the appearance of irregularity owing to the dropping 
out of impulses. D is another fibre which also illustrates the dropping out of impulses and the 
sudden termination of the discharge. From above downwards in each record: impulses in a 
pulmonary stretch receptor; time in 74 sec; and record of intratracheal pressure which has 
been retouched in B and 0. | 
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inflation had nothing to do with the appearance of this discharge. This phase 
of activity would then continue until it ceased as suddenly as it appeared. 
This cycle of events would repeat itself for several minutes until the responses 
from the receptors eventually ceased altogether. 


Fig. 2. Graph showing the course of stimulation of a pulmonary stretch receptor in a cat with 
open chest and artificial ventilation (interrupted curve). The numbers indicate the rise in 
frequency of discharge produced by the standard inflation of the lungs. The graph shows 
clearly that the receptor is desensitized although stimulated intensely. Arrows mark the 
injection of 26yug germitrine into the right atrium. 


160 


140 


Seconds 
Fig. 3. Graph showing course of stimulation of a pulmonary stretch receptor following a large 
dose of germitrine (350g) at arrow. The chest was opened and the lungs were kept collapsed. 


Injection of relatively very large doses of germitrine (about 350g) in the 
absence of natural stimulation, ie. keeping the lungs collapsed, sometimes 
produced a response which is illustrated graphically in Fig. 3. In this fibre 
it seemed that, once stimulation had started, it continued increasingly, to end 
in a self-produced paralysis since impulses could not be produced in this fibre 
for some time after the termination of the discharge. 
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No reduction in the threshold of stimulation by inflation of the lungs was 
observed in any of the 8 fibres in which changes in the threshold were looked 
for. In fact, in four fibres, the threshold appeared to have increased, and 
in 3 fibres it was decidedly increased. Stimulation of the receptors by the 
alkaloids was not associated with a reduction in the adaptation rate of the 


receptors (Fig. 4). In most fibres in the later stages the adaptation rate was 
greatly increased (Fig. 5). 
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Fig. 4. Graph showing responses of a pulmonary stretch receptor to maintained 100 ml. inflation 
of the lungs before and after 350 yg germitrine. @, normal response; ©, response during the 
early part of cyclical discharge produced by germitrine—note that the receptor is desensi- 
tized and the adaptation rate is unaffected; ©, response during the latter part of the cyclical 


discharge; the frequency of the continuous discharge is increased, the receptor is desensitized 
further and the discharge is terminated by inflation of the lungs. 


The most striking feature of stimulation by the alkaloids was that the 
receptors were simultaneously desensitized to their natural stimulus (Figs. 2, 4, 
10and 12). An initial phase of sensitization was not seen ; desensitization seemed 
to begin from the moment the receptors were stimulated. In many receptors 
inflation of the lungs during the period of stimulation increased the frequency 
of discharge by only a fraction of the increase that occurred before the alka- 
loids were injected (Fig. 2). Indeed in some receptors although the resting 
discharge was increased—e.g. as shown in Fig. 4 in which germitrine increased 
the resting discharge from 30 to 62 impulses/sec—the peak frequency attained 
during peak inflation of the lungs by 100 ml. air was less than that attained 
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before injection of germitrine. This figure, therefore, shows clearly that germi- 
trine had desensitized the receptor to its natural stimulus. 

Desensitization is also clearly illustrated in Figs. 2,10 and 12. In the case of 
Fig. 10 it might be asserted that the low increase in the frequency of discharge 
was due to the receptor having reached its limit of repetition, i.e. 160 impulses/ 
sec. This is not the case because this receptor attained a peak frequency of 
182 impulses/sec during inflation with the same volume of air after administra- 
tion of trichlorethylene, which sensitizes these receptors remarkably (Whit- 
teridge & Biilbring, 1944). In most instances in which desensitization was 
evident it was confirmed that the low rise in the frequency of discharge during 
inflation was not due to the receptor having reached its limit of response; 
a much higher frequency could be attained by inflating the lungs with large 
volumes of air. In the case of the fibre shown in Fig. 4, this procedure was 
unnecessary because normally the receptor attained a sy frequency of 
discharge with the standard inflation. 

Fatigue of the ending produced by the high frequency continuous dis- 
charge is apparently not the cause of this behaviour. This was suggested by 
the behaviour of some fibres in which a persistent high frequency discharge 
was produced by keeping the lungs inflated at a certain volume. Superimposi- 
tion of the standard inflation now produced a much greater increase in the 
discharge frequency than that observed after injection of the alkaloids. 
The possibility of non-linear responses occurring at high levels of inflation 
should, however, be kept in mind. 

The pattern of cyclical activity (i.e. periods of discharge of impulses inter- 
spersed with periods of complete inactivity) following injection of germitrine 
varied somewhat in different fibres. Sometimes a discharge cycle could be 
precipitated by inflation of the lungs and this discharge would then continue 
long after the inflation was over. In many cases, however, inflation seemed to 
have nothing to do with the origin of the discharge (Fig. 6A). In one fibre, 
after 350ug germitrine, the cyclical activity consisted of a discharge of 
impulses of 15-35 sec duration interspersed with periods of total depression 
lasting for about 2 min. In this fibre the onset of the excitatory phase was 
sudden, resembling the onset in another fibre illustrated in Fig. 6.4. In another 
fibre the periods of depression lasted about 1 min; in this, the phase of 
activity started at a low frequency of discharge and increased gradually to 
attain its peak frequency which lasted for a few seconds, being terminated by 
inflation of the lungs. This gradual increase resembled that seen by Matthews 
(1933) in the muscle spindle during occlusion of the blood supply to the muscle. 
The periods of activity gave the impression that, once the discharge started, 
its own activity led to its end. 

One important point illustrated in Fig. 6A is that when the discharge 
started after a silence in some fibres, it did so by starting near its peak 
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frequency —it seemed as if a clamp had been applied during the silent period 
and was suddenly released. Fig.6 B, which is a record from another fibre, shows 
that the termination of the discharge was also as sudden; this was typical of 
many fibres. 


Fig. 5. Increase in the adaptation rate during the silent phase of cyclical activity following 
350ug germitrine. A shows the normal slowly adapting discharge in a pulmonary stretch 
fibre produced by 40 ml. inflation of the lungs; B, which is a record of the same fibre, shows 
the very rapidly adapting discharge produced by a large inflation during the silent phase 
of cyclical activity following 350yug germitrine. From above downwards in both records: 
impulses in a fibre; time, 745 sec; and intratracheal pressure. 


nde Records showing sudden onset, A, and sudden termination, B, of spont s discharge in 
two different pulmonary stretch fibres after germitrine. Note that the discharge in A starts 
at its peak frequency, and the termination of the cyclical discharge in B also occurs near its 

_ peak frequency. In both cases the lungs were collapsed. In A the cyclical activity occurred 
after 26ug germitrine; in B after 350ug. From above downwards in both; impulses in a 
fibre; time, Yy sec; and intratracheal pressure record (which has been retouched in A). 
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The period of depression in the cyclical activity was characterized either by 
total unresponsiveness of the receptor or, if there was a response, by a short 
burst of impulses which could be evoked by a large rapid inflation of the lungs 
(Fig. 5). This type of response was also seen during the depression before all 
responses from the receptor disappeared. 

Eventually, after the injection of 200-400 ug germitrine, irreversible depres- 
sion of the receptor set in, after which no impulses could be aroused in the 
receptors by maximal inflation. This was clearly present in 11 fibres. Usually 
this occurred after several minutes of intense activity or after a number of 
cycles of activity alternating with depression. In one fibre, however, total 
depression set in after 6 sec of stimulation produced by about 300 ug germitrine. 

During the period of stimulation of the pulmonary stretch receptors 
impulses dropped out in a number of fibres. This usually occurred a short time 
after the beginning of the stimulation by germitrine, and it gave the appear- 
ance of irregularity (Fig. 1,C, D). It is perhaps significant that the irregularity 
_ caused by the dropping out of impulses occurred when the level of discharge 
began to fall. Often, soon after the impulses began dropping out, the dis- 
charge ceased for a few seconds. In one case the discharge which started after 
this began hesitatingly, but soon after it had gained in frequency it became 
regular. The frequency at which impulses began dropping out was about 
70/sec, in fact sometimes over 150/sec, as shown in Fig. 1C. Irregularity of 
discharge is a feature of receptors firing at a low frequency (Buller, Nicholls 
& Strém, 1953) and it is also known that increasing the frequency regularizes 
the discharge; but the frequency at which this occurs is very low when com- 
pared with the frequency at which dropping out of impulses was observed in 
the present experiments. 

By inflating the lungs rapidly with large volumes of air, it is possible to 
produce in many pulmonary stretch receptors a very high frequency discharge 
(250-350 impulses/sec) which then suddenly falls and soon ceases altogether 
(Wedensky effect). The frequency at which this happened was examined 
before and after administering germitrine; in every case this frequency was 
greatly reduced after germitrine. Indeed, from the many observations (e.g. 
Fig. 2) in which the continuous discharge was terminated by inflation of the 
lungs, it is clear that the receptors fail to discharge at markedly low frequencies. 


Atrial receptors 

In an earlier investigation on ventricular pressure receptors and atrial 
receptors it was shown clearly that veratridine and veriloid stimulated all the 
ventricular receptors examined and about a third of the left atrial receptors; 
the right atrial receptors were unaffected by the doses of the substances injected 
(Paintal, 19556). However, owing to the absence of a simultaneous record of 
cardiac pressures and atrial volume, it could not be decided whether the 
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receptors were sensitized or desensitized by the alkaloids. In fact, not much 
attention was paid to this aspect of the problem because the main aim at that 
time was to establish the existence of the ventricular pressure receptors and 
to study their role and that of the left atrial receptors in the Bezold reflex. 

The results obtained in that investigation have now been re-examined in 
the light of the fact that veratrum alkaloids desensitize the pulmonary stretch 
receptors; and it seems very likely that the low ratio between peak frequency 
and lowest frequency obtained during the height of stimulation of the left 
atrial and ventricular pressure receptors was due to the desensitization of these 
receptors. In some of the records the marked reduction or absence of a cardiac 
thythm during intense stimulation of the receptors strongly suggests that the 
} receptors were rendered less capable of responding to their natural stimulus. 
This reasoning is valid provided the physiological stimulus—e.g. atrial filling 
in the case of the left atrial type B receptors—was not reduced. Reduction in 
atrial volume is unlikely, Decause slowing of the heart which follows the injec- 
tion of the alkaloids results in greater filling of the atria. Another point is 
that in many cases the left atrial receptors were stimulated after an interval of 
}-1 min, i.e. at a time when the new conditions of lowered blood pressure and 
slowing of the heart would have temporarily stabilized themselves. The small 
increase in the peak frequency occasioned by cardiac activity a few seconds 
after the onset of this stimulation cannot, therefore, be attributed to altered 
haemodynamic conditions. 

Fig. 10 of the earlier paper (Paintal, 19556) well illustrates these arguments: 
in Fig. 10 A, the first three cardiac cycles show that there are three impulses 
per cycle in the fibre with the small spikes. The receptor of this fibre was not 
stimulated by veratridine, which is evident when compared with the intense 
stimulation in B of the fibre with the large spike. But it can be seen in B that 
the small spike fibre now has 6 impulses/cycle. Both fibres are from type B 
left atrial receptors. Since the receptor of the fibre with the small spike is 

unaffected by veratridine, it must be concluded that the number and peak 
| frequency of its impulses has increased in B owing to increased atrial filling, 
consequent on altered haemodynamic changes caused by slowing of the heart. 
In B the lowest frequency of discharge in the large spike fibre is 88 impulses/ 
sec and the peak frequency is 106/sec, i.e. the natural stimulus (atrial filling) 
although increased above that in A has raised the'frequency by only 18 im- 
| pulses/sec, In A, before the effect of the alkaloid had set in, the increase in 
frequency produced by atrial filling was about 50/sec. These facts suggest 
that the left atrial type B receptor was stimulated and simultaneously desen- 
sitized by veratridine. 

Unfortunately, in the present series of experiments also, the left atrial 
pressure was not recorded so that an index of altered atrial filling is not avail- 
} Sble. It should be noted that pressure is not the natural stimulus of atrial 
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type B receptors (Paintal, 1953a; Henry & Pearce, 1956) and so it is of limited 
value. Even in the presence of a pressure record definite conclusions could not 
have been possible because changes in pressure and volume may not go hand 
in hand. There is at present no reliable method of recording quantitatively the 
changes in atrial volume which is the natural stimulus of the type B receptors. 

Germitrine, about 25g, stimulated two left atrial type A receptors and 
one left atrial type B receptor. One left atrial type B receptor was unaffected 
by 45g of neogermitrine and 22g veratridine. 35g germerine stimulated 
one left atrial type A receptor. The responses of these receptors resembled those 
following veriloid, i.e. the injection—-response time and duration of the dis- 
charge were of the same order as those after veriloid; also the peak-frequency/ 
lowest-frequency ratio was markedly lowered after these alkaloids. 

Two right atrial type B receptors were clearly stimulated by large doses of 
the alkaloids, i.e. 175g germitrine; the injection response times were 5-7 and 
9-3 sec respectively and the duration was 1 min and 9 sec respectively. One of 
the receptors was also stimulated by 220ug veratridine and the other by 
350g neogermitrine. After 350g germitrine one of these two receptors was 
paralysed. A third right atrial type B receptor was also totally depressed 
after 315 .g germitrine. The total depression therefore resembles the depression 
observed in the pulmonary stretch receptors after these alkaloids. 

The above observations show that the right atrial receptors can also be 
stimulated by veratrum alkaloids, but the quantities required to do this are 
much larger than those effective in stimulating the left atrial receptors. How- 
ever, as concluded earlier (Paintal, 19556), the right atrial receptors are not 
stimulated by small doses, so that they play no part in the Bezold reflex which 
is roused by much smaller doses of the alkaloids. 

Occasionally one comes across an atrial fibre in which the activity is increased 
atypically by artificial inflation of the lungs (Paintal, 1955). An example of 
such a fibre from a right atrial type B receptor is illustrated in Fig. 7 which 
shows the activity in it before and after germitrine. After opening the chest, 
the activity in this fibre consisted of bursts of impulses which were aroused 
by artificial inflation of the lungs; these bursts ceased soon after the inflation, 
to start again during the following inflation. An explanation for this behaviour 
can only be guessed at in the absence of a pressure record or a record of atrial 
volume. However, it may be assumed that atrial filling was the primary 
stimulus (subthreshold in this case) and that inflation of the lungs acted as a 
secondary stimulus to the receptor either by summating with the subthreshold 
primary stimulus, or by increasing atrial filling. With this fibre on the record- 
ing electrodes, 1754g germitrine was injected into the right atrium and the 
lungs were kept collapsed till 8-8 sec after the injection, when they were inflated 
(Fig. 7B); this inflation precipitated the intense stimulation of the receptor as 
revealed by records B and C of Fig. 7. This response indicates clearly that the 
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stimulation of the receptor by germitrine was dependent on the initiation of 
activity in the receptor. This relation between activity and stimulation by 
the alkaloids has also been noted in pulmonary stretch receptors, and it is 
important to bear it in mind when considering the mechanism of stimulation 
| by the alkaloids of veratrum. 


cl 


Fig. 7. Stimulation of a right atrial type B fibre by germitrine in a cat with open chest. A shows 
the activity before injection of germitrine; note that activity in the fibre appears only during 
inflation of the lungs and ceases soon after. Record B begins 8-2 sec after injection of 175 yg 
germitrine into the right atrium; it shows clearly that inflation of the lungs at 8-8 sec after 
injection of germitrine precipitated the stimulation by germitrine: C is a continuation of B. 
From above downwards in each record: e.c.g.; impulses in a right atrial type B fibre; time, 
vs sec; and in A and B record of intratracheal pressure (retouched). 
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Gastric stretch receptors 

The veratrum alkaloids stimulated thirteen out of fourteen gastric stretch 
receptors in the same doses as were required to stimulate the left atrial and 
ventricular pressure receptors, i.e. veriloid in amounts of 175-220yg, vera- 
tridine 22g and germitrine 26g. The latency between injection and the 
beginning of stimulation tended to be shorter after veratridine, i.e. less than 
10 sec; after both veriloid and germitrine it was usually between 10 sec and 
20 sec. In two cases the latency after veriloid was about 1 min. The duration 
of stimulation was usually several minutes. In two fibres the duration of 
stimulation was 3-8 and 27 sec after 200 and 22g varatridine respectively. 
These observations are similar to those on the cardiac receptors. 


Tass 1. Effect of distension of the stomach on the discharge of impulses in a gastric stretch 
afferent fibre before and after injection of germitrine 26g into the right atrium at zero time 


Distension of stomach Frequency of impulse/sec 
Time of Immediately At height Change produced 
Serial before by 

no. (sec) _ distension distension 

1 5-7 0 18-6 +18-6 

2 *. 10 0 17-0 +170 

3 3-8 0 18-9 + 18-9 

4 8-6 0 18-6 + 18-6 

5 13-3 0 19-6 + 19-6 

6 18-1 9-6 20-4 +108 

7 22-8 10-7 23-0 +123 

8 27-6 18-6 24-3 + &7 

9 32-3 21-3 26-0 + 47 
10 37-1 23-6 28-0 + 47 
ll 41-8 23-6 14-5 ~ 91 
12 46-6 21-7 10-2 -~1146 


* Negative sign indicates distension before injection of germitrine. 


Desensitization of the receptors to distension of the stomach was seen after 
veriloid, veratridine and germitrine in 8 fibres on which this aspect of the 
problem was studied. Once again a preliminary stage of sensitization was 
not encountered. The progress of influence on the receptors is well illustrated 
in Table 1. 26ug germitrine was injected at zero time and the effect of dis- 
tension of the stomach with 200 ml. air from a respiratory pump before 
and after injection was recorded continuously. The resting discharge before 
stimulation by germitrine was zero and the frequency during the height of 
distension was 17—19 impulses/sec. Stimulation of the receptor set in at about 
16 sec after the injection. Before the start of the next distension at 18-1 sec, 
the resting discharge was 9-6/sec but the peak frequency rose only to 20-4/sec, 
a difference of 10-8 impulses/sec, thus showing clearly that the receptor was 
desensitized from the beginning of stimulation. Thereafter, the increase in 
frequency produced by distension of the stomach became less and less (see 
last columns of Table 1) until the distension beginning at 40-3 sec after 
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injection of germitrine actually reduced the frequency of impulses; so did 
the next distension and the others following it. The response illustrated in 
Table 1 is typical of most responses of gastric stretch receptors to veratrum 
alkaloids. In this receptor missing of impulses, producing an irregular pattern 
of discharge, was also observed. 

Cyclical activity resembling in some ways the cyclical activity seen in 
pulmonary stretch receptors was also seen in gastric stretch receptors. Fig. 8 
illustrates this in one fibre after injection of 175g veriloid into the aorta; 
the stomach was not distended. It was noted that during the silent periods of 
the cycle the receptors were often totally unresponsive. The activity bore no 
relation to the intragastric pressure. Eventually, in some cases, the receptors 
became completely unresponsive and no impulses could be aroused in them 
by any means, in this resembling the pulmonary stretch receptors. Cyclical 


10 25 30 
Seconds 
Fig. 8. Graph of cyclical activity in a gastric stretch receptor 6 min after injection of 175yug 
veratridine into the abdominal aorta. Note that the peak frequency attained is not higher 
than 60 impulses/sec. 


activity has been seen in gastric stretch receptors after certain chemical 
substances, e.g. adrenaline (Fig. 3 in Paintal, 1954a), but in these cases the 
_peak frequency attained was low and the receptors responded normally during 
the silent phases of cyclical activity. 

It is noteworthy that the peak frequency of discharge after the alkaloids 
never exceeded 70 impulses/sec; usually it was much less. This is in keeping 
with the responses of the receptors to distension of the stomach, in which the 
maximum frequency approaches 60 impulses/sec (Paintal, 19540; Iggo, 1955). 

Asphyxia. Once stimulation by the veratrium alkaloids had set in, asphyxia 
had no influence on the further course of events. 


Effect of calcium chloride and ‘edna citrate 


The effect of intra-atrial injections of 3° calcium chloride, on the stimula- 
tion produced by germitrine and germerine, was examined in the case of seven 
pulmonary stretch receptors. In one case 2-5 ml. was injected and this pro- 
duced no change in the discharge precipitated by germitrine. This was probably 
| owing to the quantity being too small, because in another fibre, where a 
similar dose had no effect either, increasing the amount to 5 ml. had the 
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typical effect described 
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below. In all subsequent experiments, therefore, 


unless specifically mentioned, about 5 ml. was injected. 


About 4-20 sec after 


the beginning of injection of calcium chloride the 


frequency of the continuous discharge aroused by germitrine began to 
decrease (Fig. 9) and within a few seconds the discharge ceased. Often, a few 
minutes after the injection of calcium chloride the continuous discharge tended 


8 10 18 20 6 62 64 
Seconds 


Fig. 9. Graph showing effect of injection of 5 ml. 3% calcium chloride on a pulmonary stretch 


receptor after it had been 


stimulated by 26ug germitrine. Interrupted line indicates course 


of artificial ventilation. Graph shows clearly that the sensitivity of the receptor was increased 


after calcium chloride. 


Fig. 10. Graph showing normal response of a pulmonary stretch receptor to inflation of the lungs 


5 30 


with open chest, @—@ ; response 54 sec after injection of 26ug germitrine, @ -—— @; response 
1 min after injection of 5 ml. 3% calcium chloride,Q-—--©; and response 3-5 min'after calcium 
chloride, ©- +++ @, Graphs show that calcium reduces to normal the discharge in the receptor 
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to set in again but at a much lower frequency (Fig. 10). In one fibre the con- 
tinuous discharge was reduced but not abolished. 

The most important action of calcium chloride was that, along with the 
cessation of the continuous discharge, the sensitivity of the receptors to infla- 
tion of the lungs was appreciably increased. In fact in some cases (e.g. Fig. 10) 
the sensitivity of the receptor returned to normal values. This figure also 
indicates that the threshold of stimulation by inflation of the lungs was also 
reduced a little after injection of calcium chloride. The influence of calcium 
lasted several minutes. In some pulmonary stretch fibres the responses were 
completely abolished after calcium was injected. 

Calcium is known to stabilize excitable membranes, and its normal effect on 
receptors is to reduce their sensitivity. This was confirmed in one pulmonary 
stretch receptor in which calcium chloride reduced the peak frequency of 
discharge during 50 ml. inflation from 50 to 27 impulses/sec. In another fibre 
it prevented the marked sensitization of the receptor produced by trichlor- 
ethylene. It is, therefore, interesting that calcium should desensitize receptors 
normally and raise their sensitivity after germitrine. 

Sodium citrate had an effect opposite to that of calcium. The effect was 
apparent after calcium had abolished the continuous discharge. Injection of 
sodium citrate at this stage precipitated the continuous discharge characteristic 
of veratrum alkaloids; 2-5-5 ml. of 2-5 °% sodium citrate was enough to produce 
this effect. 

The effect of calcium chloride and sodium citrate on the atrial receptors was 
essentially the same as that on the pulmonary stretch receptors (Fig. 11). 
Within 5-9 sec after injection of calcium chloride into the right atrium the 
continuous discharge produced by germitrine or germerine was reduced, and 
_& few seconds later the original type of rhythmic activity was restored. Thus 
the reduced peak-frequency/lowest-frequency ratio was increased. This re- 
sponse to calcium was seen in all three left atrial fibres on which the effect 
of this substance was tested. Injection of sodium citrate stimulated the 
receptor after the continuous discharge had been abolished by calcium chloride 
(Fig. 11D). This also occurred after a latency similar to that following calcium 
chloride. 

It is, therefore, clear that calcium chloride tends to reduce to normal the 
intense stimulation produced by the veratrum alkaloids, and sodium citrate 
to precipitate the discharge typical of the alkaloids after it has been reduced 
‘> normal by calcium chloride. 

The activity in one left atrial type B fibre was greatly enhanced after 
injection of 2 ml. 1-2% KCl. No definite conclusions from this can be drawn 
&§ there was no way of gauging the direction of changes of atrial volume. 
However, the above observation is similar to those of Amann & Schaefer 
(1943) on cardiac receptors and of Jarisch et al. (1952) on carotid baroreceptors. 
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Injection of 2 ml. 1-2% KCl into the abdominal aorta stimulated five out 
of eight gastric stretch receptors; the resulting responses resembled those 
following injection of phenyl diguanide (see Paintal, 19546) except that the 
intensity of stimulation was less. 


Fig. 11. Impulses in a left atrial type B receptor. A is a normal record before injection of germi- 
trine; B shows the intense stimulation by 90g germitrine; the signal in this record marks the 
injection of 2 ml. 3% CaCl,, which shows its influence in C (which is a continuation of B) by 

_ the unmistakable abolition of the continuous discharge produced by germitrine. Record 
D begins 3-5 sec after injection of 2 ml. 2-5% sodium citrate, which aroused the receptor after 
it had been acted on by calcium chloride as shown in C. From above downwards in each 
record: e.c.g.; impulses in fibres; time, 75 sec; in A intrapleural pressure; and in B injection 
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| Effect of trichlorethylene on pulmonary stretch receptors 

The effects of volatile anaesthetics on the responses of pulmonary stretch 
receptors have been described in detail by Whitteridge & Biilbring (1944). 
One of the striking facts emerging from their investigation was that the 
volatile anaesthetics do not stimulate the pulmonary stretch receptors in spite 
of the considerable sensitization produced by them. Since this type of influence 
was in contrast to the effect of veratrum alkaloids on these receptors, a few 
experiments were done with trichlorethylene to confirm the observations of 
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Fig. 12. Graph showing contrasting effects of germitrine and trichlorethylene on a pulmonary 
stretch fibre. @, Normal response of the receptor to inflation of the lungs; O, response 
15 sec after end of a period of administration of trichlorethylene (note the marked sensitiza- 
tion of the receptor); ©, response of the same receptor to inflation 3 min after injection of 
26 ug germitrine; the receptor is clearly desensitized. 


Whitteridge & Biilbring (1944). Some experiments carried out on the same 
receptors with both trichlorethylene and germitrine have provided valuable 
information about their contrasting influences on these receptors (Fig. 12). 

The effects of trichlorethylene were examined on six pulmonary stretch 
Teceptors. In five of them the behaviour following this anaesthetic was 
identical with that described by Whitteridge & Biilbring (1944); one receptor 
was unaffected. Briefly, short exposures to the anaesthetic greatly sensitized 
the receptors, the peak frequency reached during peak inflation being often 
More than double that occurring before exposure to trichlorethylene. Longer 
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exposures totally abolished the responses of the receptors to inflation of the 
lungs. Activity in the fibres returned gradually after paralysis. This was 
accompanied ‘by increasing degrees of sensitization until peak sensitization 
was reached; after this the sensitivity of the receptor returned to normal within 
a few minutes. This behaviour was unchanged after administration of atropine. 
At no stage, however, were the receptors stimulated by trichlorethylene, i.e. 
there was no activity of the receptors while the lungs remained collapsed. 


DISCUSSION 

The main points emerging from this investigation are as follows. (1) Veratrum 
alkaloids such as veratridine, germitrine, germerine and neogermitrine greatly 
stimulate and simultaneously desensitize pulmonary stretch receptors, atrial 
receptors and gastric stretch receptors. From suggestive evidence (Paintal, 
19555) it is concluded that the ventricular pressure receptors are similarly 
affected. The data of Jarisch et al. (1952) and Witzleb (1952) suggest that this 
is also true in the case of carotid baroreceptors. Indeed fig. 3 of Witzleb is 
highly suggestive. Fig. 3 of Dawes et al. (1951 a) suggests strongly that veratrum 
stimulated and desensitized the pulmonary stretch receptors. (2) Calcium 
tends to reduce to normal the discharge following these alkaloids, and 
sodium citrate tends to precipitate the activity typical of these alkaloids after 
it has been reduced to normal by calcium chloride. (3) Trichlorethylene 
greatly sensitizes the receptors without stimulating them at all. Recently, 
Robertson et al. (1956) have shown that the carotid and aortic baroreceptors 
are similarly affected by volatile anaesthetics. 

Other points which must be kept in mind in attempting to explain the 
mechanism of action by veratrum alkaloids are that the threshold of the 
physiological stimulus is not altered; that after the continuous discharge has 
set in irregularities due to missing of impulses often appear; that there are cycles 
of activity interspersed by periods of silence during which the receptors may 
be totally unresponsive or they may respond by a very rapidly adapting dis- 
charge; that the frequency at which the discharge sets in after a silence is 
often at its peak frequency (Fig. 6); that the persistent discharge may be 
terminated by its natural stimulus; and that anoxia or interference with the 
blood supply has no noticeable influence on the course of events following the 
injection of veratrum alkaloids. 

Since veratrum is known to stimulate peripheral nerve fibres (see review by 
Krayer & Acheson, 1946) it is important first to establish the locus of action 
of the alkaloids. The behaviour of the pulmonary stretch receptors and the 
gastric stretch receptors strongly suggests that the veratrum alkaloids act on 
the ending itself. The most convincing observation in this connexion is tlie 
smooth increase in frequency of discharge that accompanies inflation of the 
lungs (Fig. 13), or distension of the stomach, during stimulation by the vera- 
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trum alkaloids. This smooth increase in frequency would not be expected to 
occur if the alkaloids acted on the nerve central to the ending, because the 
ending itself would then be bombarded antidromically and would be inactivated 
for a short while after each impulse (Matthews, 1933; Katz, 19504), Further, — 
if it is assumed that the ending was unaffected, the impulses arising from it 
would arrive at the region of the nerve stimulated by the alkaloids during 
various phases of its excitability cycle, some arriving there during its absolute 
refractory period; this would result in an irregular discharge of impulses. 


Fig. 13. Impulses in a pulmonary stretch fibre 2 min after injection of 26ug germitrine. A shows 
that the increase in the frequency of discharge accompanying inflation with 100 ml. air 
occurs smoothly. B begins 3 sec after end of A: here also the change in frequency accompany- 
ing collapse of the lungs occurs smoothly. From above downwards in both records: impulse 
in a pulmonary stretch fibre; time, 5 sec; and intratracheal pressure. This figure provides 
evidence of action of the alkaloids on the ending iteelf. 

Action on the nerve itself and not on the ending will also not explain the 
marked unresponsiveness during the periods of silence of the cyclical activity. 
During this phase, when there are no impulses at all, it would be presumed 
that the excitatory effect of the alkaloids had died away and so a physiological 
stimulus would be expected to evoke a normal response; but it does not, and in 
fact there may be no response at all. A strong depolarizing block in the nerve 
could explain this behaviour, but if this were the case the high frequency 
tapidly adapting discharge produced by the physiological stimulus (Fig. 5) 
would not be allowed to pass through either. There is, therefore, little doubt 
that the alkaloids act on endings themselves and not on any portion of the 
nerve central to it. 

The pulmonary stretch receptors (Adrian, 1933), the gastric stretch receptors 
(Paintal, 19544) and the atrial type B receptors (Paintal, 1953a; Henry & 
Pearce, 1956) are all slowly adapting sensory receptors like the muscle spindle 
(Matthews, 1933). Like the muscle spindle, their natural stimulus is stretch 
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and so it is possible that the actual mechanism involved in the initiation of 
impulses in the muscle spindle would be the same in these receptors. This is 
assumed in the discussion that follows, which is based largely on the valuable 
observations of Katz (1950a, 6), on the initiation of impulses in the frog’s 
muscle spindle. Katz (1950a) found that a relatively prolonged negative after- 
potential follows the spindle spike potential, that stretching the muscle results 
in a local depolarization which is a function of the magnitude and the rate of 
the applied stretch, that local anaesthetics such as procaine and gross altera- 
tions of the ionic content of the fluid bathing the muscle had little, if any, 
effect on the local depolarization, although the initiation of impulses was 
completely depressed, and that the frequency of impulses is a linear function 
of the local depolarization. 

It is not possible to say precisely what the veratrum alkaloids do to the 
receptors: but two likely mechanisms can be considered First, it is possible 
that they depolarize the receptors, e.g. by altering the permeability of the 
membrane (Katz, 19506; Gray & Sato, 1953) and thus enhance the local 
receptor potential of Katz (19505) and Gray & Sato (1953). This potential 
has been labelled as the generator potential by Granit (1955). The onset of the 
continuous discharge in some receptors following the injection of the alkaloids 
is thus explained, and if it is assumed that this potential increases gradually 
the increase in the frequency of discharge can also be explained. Cathodic 
polarization is known to increase the discharge from muscle spindles (Edwards, 
1955) and from labyrinthine endings (Lowenstein, 1955). The missing of im- 
pulses can be accounted for as being due to excessive depolarization (see Katz, 
19506). This depressing influence of strong cathodal depolarization has also 
been pointed out by Hodgkin (1948) in nerve, and recently Granit & Phillips 
(1956) have found it to occur in Purkinje cells during strong depolarization. 
It is possible that if the depolarization potential exceeds a critical level total 
block would occur and this could perhaps account for the silent phase of 
cyclical activity. However, there are other possible ways by which the silent 
phase associated with loss of responsiveness of the receptors to their natural 
stimulus could be produced. 

To account for the desensitization, additional presumptions would have to be 
made, e.g. that the ratio of discharge frequency to the depolarization potential 
(see Katz, 19505) is reduced after injection of the alkaloids, or that theamount of 
local depolarization produced by a standard physiological stimulus is reduced. 

To account for the return towards normal of the responses of the receptors 
after calcium one would have to presume that the depolarization potential, 
which is unaffected normally by gross alterations in the ionic environment of 
the receptors (Katz, 19506), is affected after the receptors have been influenced 
by the veratrum alkaloids. A similar reasoning is applicable to the effects of 
sodium citrate. 
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A direct depolarization of the receptors will not explain the type of response 
illustrated in Fig. 7 B because in this case the stimulation was clearly dependent 
on the occurrence of impulse activity in the receptor. If germitrine had 
depolarized the receptor directly in this and other similar cases, stimulation 
would have occurred without prior excitation by physiological stimuli. 

The second possibility is that the veratrum alkaloids greatly enhance the 
negative after-potential of the receptors. This explanation is particularly 
attractive in view of the large body of evidence to prove that veratrum 
decidedly increases the negative after-potential in nerve fibres (Krayer & 
Acheson, 1948). Indeed, Acheson & Rosenblueth (1941) found that the 
amplitude of the negative after-potential was directly related to the dose of 
veratrine. Also that with increasingly severe veratrinization the repetitive 
response may eventually decline while the negative after-potential continues to 
grow more intense. Such a behaviour in the receptors is what one would expect 
from the results of the present investigation. This explanation will account for 
the type of response illustrated in Fig. 7 because the negative after-potential 
itself depends on impulse activity. 

It must be emphasized that what has been discussed above is mere specula- 
tion, and it remains for future investigations to show whether the veratrum 
alkaloids enhance the local depolarization potential of the receptors, or the 
receptor negative after-potential. 

Another phenomenon requiring explanation is the marked sensitization 
without any stimulation of the pulmonary stretch receptors and carotid 
baroreceptors (Robertson e¢ al. 1956) by trichlorethylene and other volatile 
anaesthetics. The absence of a continuous discharge so characteristic of vera- 
trum alkaloids can be explained by assuming that there is no persistent 
_ depolarization of the receptors. In this it would seem that the anaesthetics 
enhance the recovery processes associated with the initiation of impulses, i.e. 
the repetition frequency for a given depolarization produced by a standard 
physiological stimulus is increased. On the other hand, a less likely possibility 
is that the amount of local depolarization produced by the physiological 
stimulus is increased, leaving unaffected the relationship of the depolarization 
potential to the impulse frequency described by Katz (19506). Much more 
information is needed before any definite conclusion can emerge, but it is 
interesting that the observations of Katz provide a theoretical basis for these 
two ways of sensitizing a receptor. The above and certain other aspects of 
excitation of mechanoreceptors by chemical substances, e.g. the role of potas- 
sium in the excitation of sensory receptors by veratrum alkaloids, have been 

discussed elsewhere (Paintal, 1956). 
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SUMMARY 


1. The influence of certain veratrum alkaloids on atrial and pulmonary and 
gastric stretch receptors has been studied by recording the action potentials 
in single vagal afferent fibres arising from these receptors. Of the four alka- 
loids, germitrine, germerine, neogermitrine and veratridine, germitrine was 
most frequently used and the description given is typical of the actions of 
germitrine. 

2. The veratrum alkaloids greatly stimulated and simultaneously desensi- 
tized the receptors to their natural stimuli. The right atrial receptors were 
stimulated only by large amounts of the alkaloids. 

3. The alkaloids produced cyclical activity in pulmonary and gastric 
stretch receptors. During the active phase the continuous discharge could be 
terminated by the natural stimulus of the receptors. In many fibres irregular 
discharges appeared owing to dropping out of impulses. During the inactive 
phase the responses of the receptors were either greatly depressed or abolished. 
Injection of large amounts of the alkaloids paralysed the receptors completely. 

4. The threshold and adaptation rate of the receptors were either unchanged 
or increased. 

5. Calcium chloride greatly reduced or abolished the continuous discharge 
produced by the alkaloids in atrial and pulmonary stretch receptors; in the 
latter the sensitivity of the receptors was simultaneously increased. Sodium 
citrate precipitated the continuous discharge after it had been abolished by 
calcium chloride. Potassium chloride stimulated some gastric stretch receptors 
and it seemed to have sensitized atrial receptors. 

6. The observation of Whitteridge & Biilbring (1944) that trichlorethylene 
greatly sensitizes the pulmonary stretch receptors was confirmed. This 
sensitization was not accompanied by stimulation of the receptors. 

7. The evidence indicates that the alkaloids act on the endings themselves. 
The possible mechanisms responsible for the contrasting effects of veratrum 
alkaloids and trichlorethylene, i.e. stimulation and desensitization by the 
alkaloids, and sensitization without stimulation by trichlorethylene, have 
been discussed. 

I am indebted to Professor Otto Krayer for a supply of veratridine and to the Squibb Institute 
for Medical Research, New Brunswick, for supplies of germitrine, germerine and neogermitrine. 
I wish to thank Mr J. P. Bahuguna for assistance in the experiments. 
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SPONTANEOUS POTENTIALS IN SLOW MUSCLE FIBRES 
OF THE FROG 


By W. BURKE* 
From the Department of Biophysics, University College London 


(Received 19 July 1956) 


It has been shown by Fatt & Katz (1950, 1952) that the end-plate region of 
the frog fast (‘twitch’) fibre undergoes spontaneous subthreshold potential 
changes which have the character of miniature end-plate potentials. Subse- 
quently (del Castillo & Katz, 1954; Martin, 1955), evidence was presented that 
the end-plate potential (e.p.p.) was due to the simultaneous discharge from 
the nerve ending of many all-or-nothing units, each producing a potential 
change identical in size with the spontaneous potentials. Spontaneous 
ininiature e.p.p.’8 also occur at the mammalian end-plate (Boyd & Martin, 
1956) and have similar characteristics to those of the frog. 

This paper is concerned with spontaneous potentials occurring in the slow 
muscle fibres of the frog. As in the fast fibre, these potentials appear to be due | 
to the random discharge of all-or-nothing units from the nerve endings. It 
is suggested that the small-nerve junctional potential (s.j.p.) is built up of 
these units in an analogous manner to the e.p.p. Although the number of units 
discharged in a normal response cannot be estimated directly, it can be calcu- 
lated provided certain assumptions are made. 


METHODS 
The technique was essentially the same as that described previously (Burke & Ginsborg, 19564). 
The preparation used throughout was the sciatic-iliofibularis preparation of the frog, both Rana 
temporaria and Rana esculenta. Slow fibres were examined in the tonus bundle, mainly in the 
superficial layer of fibres: 

Ringer's solution of the following composition was used: 115 mm-NaCl, 2-0 mm-KCl, 
1-8 mm-CaCl,. This was modified as required by addition of MgCl, and alteration of the CaCl, 
concentration, the tonicity being kept constant in all cases by adjusting the NaCl concentration. 
Neostigmine (Prostigmine) bromide was used in several experiments, althcugb its effect on the 
spontaneous potentials has not been systematically examined. The experiments were performed 
at room temperature (15-22° C). 


* Present address: Department of Physiology, University of Sydney, New South Wales, 
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RESULTS 


Spontaneous potentvals 

Amplitude and time course. Spontaneous discharges, analogous to those in 
the fast fibres, have been recorded intracellularly in the slow fibres. That they 
result from activity in the nerve terminals is indicated by the fact that they 
are abolished (i.e. reduced below the noise level—about 0-1 mV in these 
experiments) by 3x 10-*(w/v) tubocurarine and by 10~*(w/v) atropine. 
Spontaneous potentials from four different fibres are shown in Fig. 1. It can 
be seen that the size and time course vary much more than in the fast fibre. 
Both size and time course seem to be completely graded and there is no strict 
relation between the two features; potentials of the same amplitude may have 
very different rise and decay times (see Fig. 1B). The shortest rise times have 


Fig. 1. Spontaneous potentials in slow fibres. Records from four fibres (A, B, C, D) with relatively 
high frequencies; note variation in size and time course; voltage calibration in A applies «!s0 
to B, C and D (note different time scales). (A, B from R. temporaria ©, D from .R. esculenta.) 
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been about 2°5 msec. Many potentials are very small and difficult to dis- 
tinguish from base-line fluctuations (see Fig. 1D). In normal Ringer’s solution 
the largest potential observed was less than 1 mV in 17 of the 21 fibres examined, 
in two fibres it was below 2 mV and in the other two fibres below 3 mV. The 
largest potentials may have been due to summation of two or three individual 
spontaneous potentials. Fig. 2 shows the distribution of amplitudes in four 
fibres. The amplitudes are not distributed normally as is approximately the 
case in the fast fibre (cf. Fatt & Katz, 1952; del Castillo & Katz, 1954, 1956), 
there being a relatively larger number of the smaller potentials. 
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Fig. 2. Distribution of amplitudes of spontaneous potentials in four fibres. Ordinates, number 
of observations: absciasae, size of potentials (mV). C and D in normal Ringer’s solution; 


A and B in Ringer’s solution containing 15 mm-Mg, 0-45 mm-Ca, 10-*(w/v) neostigmine 
bromide. (A, B, D from R. esculenta; C from R. temporaria.) 


This variation in amplitude and time course of the spontaneous potentials 
is readily explained by the distributed innervation of the slow fibre (Kuffler & 
Vaughan Williams, 1953; Burke & Ginsborg, 1956a). Potentials originating 
at some distance from the recording electrode will, other things being equal, 
be smaller and slower than those arising near the electrode. This being so, the 
observation supports the conclusion of Fatt & Katz (1952) on the fast fibre, 
that in general these discharges are not caused by damage or mechanical 
stimulation of the nerve endings. Damage or local stimulation of nerves by 
the microelectrode would be expected to produce potentials of fast time course 
only. In the case of two fibres in which the frequency of spontaneous poten- 
tials was unusually high (see below), it is probable that local excitation was 
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responsible for much of the discharge. Spontaneous potentials from one of 
these fibres are shown in Fig. 1C and it can be seen that the majority of 
these potentials have a very fast time course. 

The fact that spontaneous potentials in the same fibre may have the same 
size but different time courses (see Fig. 1B) indicates that, at their points of 
origin, the amplitudes of the spontaneous potentials can vary appreciably ; 
this has already been shown for the fast fibre (Fatt & Katz, 1952; del Castillo 
& Katz, 1956). Whether the fluctuation in amplitude is due to a variation in 
the amount of transmitter released or in the sensitivity of the post-synaptic 
membrane is not certain, but the former alternative seems more probable. 
If saturation of the receptors occurred one would expect to see a potential 
which had a fast rise but a relatively slow decay (cf. del Castillo & Katz, 1956). 
As a rule, however, the rise and decay of the spontaneous potentials in the 
slow fibres vary concurrently, i.e. a potential which rises more slowly also 
decays more slowly. 

The shortest rise time of a spontaneous potential, about 2-5 msec, may be 
presumed to represent a focally recorded potential change. The rise time of the 
s.j.p. is usually about 10 msec, the difference probably being due to the fact 
that the slow fibre is innervated by several nerve fibres of different conduction 
velocities; the duration of the rising phase is determined mainly by asyn- 
chronism in the arrival of impulses. 

Frequency. Spontaneous potentials may be recorded from any part of the 
tonus bundle of the iliofibularis and presumably can arise in any part of a slow 
fibre. Their frequency, however, is usually very low, less than about 2/min. 
In only 21 fibres out of 200 or so examined was the frequency greater than this. 
In 15 of these 21 fibres the frequency lay between 6/min and 1/sec; in four it 
was 1-4/sec. In two fibres it was exceptionally high at about 15/sec and 20/sec 
respectively; this high rate was probably due to local excitation caused by 
the electrode, since all the potentials had a fast time course (see above, and 
Fig. 1C). The density of innervation of any part of a slow fibre is probably 
much less than that of the end-plate region of a fast fibre. The low frequency 
of spontaneous potentials may therefore be due to this circumstance. 

In Fig. 3 the distribution of intervals in a series of 584 spontaneous potentials 
is shown. The curve in Fig. 3 gives the expected exponential distribution for a 


random series (see Fatt & Katz, 1952) with a mean interval of 478 msec 


(x? = 12-13, f=9). 

Effect of distributed innervation. The muscle fibres are about 10 mm long, 
and when the electrode is in the centre of the fibre it is probable that spon- 
taneous potentials occurring at the ends will not be detected. Hence the 
measurements of amplitudes and intervals in a record of spontaneous dis- 
charges (Figs. 2, 3) apply to a part only of the fibre. This does not affect the 
argument, derived from interval measurements, that the discharges occur in a 


random 
& Katz 
The « 
4 amplit 
] all the s 
q of the 
amplit 
innerva 
Fig. 3. 
478 1 
inte 
Ey 
The 
4 slow fib 
18 decr 
) the 
q alterati 
a8 in th 
del Cas 
When 
| Magne 
approas 
large ra 
odd 


SPONTANEOUS ACTIVITY IN SLOW MUSCLE FIBRES 515 


random fashion and do not significantly interact with one another (see Fatt 
& Katz, 1952, p. 123). 

The distributed innervation implies, however, that the histogram of the 
amplitudes of the spontaneous potentials (Fig. 2) is somewhat arbitrary, for if 
all the small distant spontaneous potentials could be detected, the first group 
of the histogram would become larger. Nevertheless, the observed skew 
amplitude distribution is of the type to be expected from the distributed 
innervation. 


200 


0 7 3 3 
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Fig. 3. Distribution of intervals between successive discharges in a series of 584 spontaneous 
potentials: observations have been grouped into classes of width 182 msec; mean interval 
478 msec; the curve is the theoretical curve for a random discharge with the same mean 
interval, (R. temporaria.) 


Effect of calcium and magnesium on the response to nerve stimulation 


The effects of calcium and magnesium at the neuromuscular junction of 
slow fibres are the same as in the fast fibre; the response to nerve stimulation 
is decreased by the addition of magnesium to the external fluid and increased 
by the addition of calcium. Since these effects occur without any appreciable 
alteration in the average size of the spontaneous potentials it is probable that, 
48 in the fast fibre, the action is presynaptic (cf. del Castillo & Stark, 1952; 
del Castillo & Engbaek, 1954). In the twitch fibre it has also been shown that 
When a high degree of neuromuscular block is obtained by the addition of 
Magnesium or the removal of calcium the size of the end-plate response 
approaches that of the spontaneous potential and at the same time exhibits 
large random fluctuations, apparently involving steps of unit size (Fatt & Katz, 
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1952; del Castillo & Engbaek, 1954). A statistical analysis of responses and 
spontaneous potentials in such a preparation supports the hypothesis that the 
e.p.p. is produced by the simultaneous discharge of units of the same kind as 
the spontaneous potentials (del Castillo & Katz, 1954). 


Fig. 4. Muscle responses to nerve stimulation in a high-Mg-low-Ca medium. Records from three 
fibres (A, B, C) in Ringer’s solution containing 15 mm-Mg, 0-45 mm-Ca and 10~° (w/v) 
neostigmine bromide. Stimulation on alternate traces indicated by stimulus artifact; note 
variation in latency, size and time course of response. (R. esculenta.) jr 


In the slow fibre in a high-Mg and low-Ca medium the response to nerve 
stimulation fluctuates considerably (as shown in Fig. 4 for three fibres). 
These responses should be compared with the responses in the fast fibre in a 
similar external medium which are much more uniform in size and especially 
in time course (cf. del Castillo & Katz, 1954). It will also be noticed that the 
latency of response may vary considerably (see, for example, Fig. 4 A). 

Fig. 5 shows responses similar to those in Fig. 4. Spontaneous potentials 
also appear on the records, and it can be seenthat there is a general resemblance 
between the two, Thus the amplitude distribution is similar for both cases 
(Fig. 6). More striking, however, is the fact that the time course of the response 
now varies as much as that of the spontaneous potentials. This suggests that 
the response no longer arises uniformly along the fibre but at random points 
during successive stimulations. This confirms that the transmitter is normally 
released in units at numerous spots of the fibre, some of which fail when the 
level of block is high. 
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a 


Fig. 5. Spontaneous potentials and responses to nerve stimulation in a high-Mg-low-Ca medium; 
records from two fibres in Ringer’s solution containing 15 mm-Mg, 0-45 mm-Ca and 10-* 
(w/v) neostigmine bromide. Stimulation on alternate traces indicated by stimulus artifact; 
both responses and spontaneous potentials vary considerably in size and time course. A, B 
from same fibre. (R. esculenta.) 


DISCUSSION 


In the frog fast fibre (in which the motor innervation is restricted to a small 
area) it has been shown that the mean number of transmitter units responding 


to one impulse (‘m’) is given by 


mean amplitude of response 
mean amplitude of spontaneous potentials 


provided the e.p.p. is only a few per cent of the resting potential (del Castillo 
& Katz, 1954; Martin, 1955). In the case where the degree of neuromuscular 
block is such that occasionally there is no response to a nerve impulse, m may 
be obtained from the first term of the Poisson series (exp (-m)) which gives 
the proportion of failures. Thus 

7 number of nerve impulses 

men number of failures of €.p.p. response’ 
(see del Castillo & Katz, 1954). The hypothesis that the e.p.p. is built up of 
units identical with the spontaneous potentials is supported by the fact that 
the value of m obtained by the different methods corresponding to the two 
equations is the same. In the slow fibre it may not be strictly legitimate to 
33-2 
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apply this analysis. For the reasons mentioned earlier the estimate of ‘mean 
amplitude of spontaneous potentials’ or ‘number of failures’ depends on the 
recording conditions and the resulting values of m apply only to an ill-defined 
portion of the fibre. Nevertheless, in four fibres in which m was estimated 
by the two methods the two sets of values agreed to within 20%, although, 
the approximate value of m ranged from 0-5 to 2-5. Such agreement could 
hardly be fortuitous. 
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Fig. 6. Distribution of amplitudes of spontaneous potentials (upper part) and responses to nerve 
stimulation in the same fibre in a high-Mg—low-Ca medium; apparent failures of response 
indicated by hatched column; note similarity in the two distributions. Ordinates, number of 
observations; abscissae, amplitude of potentials (mV). (R. esculenta.) 


It is clear, moreover, from the nature of the response in a high-Mg—low-Ca 
medium that the transmitter is now being released in a spatially non-uniform 
manner. There are therefore sufficient grounds for assuming that the conclu- 
sions drawn from the fast fibre are equally valid for the slow fibre, and that 
the s.j.p. results from the approximately simultaneous discharge of the same 
units which are active spontaneously. 

If this assumption is accepted it raises the question whether any estimate 
can be made of the value of m for a normal s.j.p. It is not possible to deter- 
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mine m directly, but a rough estimate can be made by calculating the unitary 
conductance change associated with a spontaneous potential and relating this 
to the conductance change per unit length of fibre during the s.j.p. Since 
conductances are additive, a division of the latter value by the former gives 
the number of transmitter units per unit length of fibre discharged during the 
s.j.p., assuming that the units are uniformly distributed. 


It was shown in a previous paper (Burke & Ginsborg, 19565) that the additional membrane 
conductance (1/r,) due to the active junctions was, on the average, three times the conductance of 
the resting membrane (1/r,,). We can calculate 1/r,, (and hence 1/r,) from the effective resistance 
of the whole fibre, R (=}(r,,r,)t, where r,; is the longitudinal resistance of the fibre per unit 
length), if we assume that the specific resistance of the myoplasm, R,, is the same as in the fast 
fibre, 2500 cm (cf. Bozler & Cole, 1935; Katz, 1948), and that the radius of the fibre (a) is 25, since 
R,=1,7a". R has been measured directly by passing current through the membrane: and a rough 
average value, for depolarizations of up to 20 mV or so, is 1 MQ (see Burke & Ginsborg, 19562). 
Using these values we get an additional conductance during the s.j.p. (1/r,) of 9-5 x 10-* Q-* em-. 

The additional conductance (1/S) during a spontaneous potential arising at the centre of the 
fibre may be calculated from the ay 


where W=the amplitude of the spontaneous iis E,=the resting potential, Z,—the 
equilibrium potential to which the small nerve junctions are driven by the neuromuscular trans- 
mitter, t= the time during which the transmitter acts, t, =the time constant of the resting mem- 
brane, and ¢ (x) =e”. erfc z, a function tabulated in, for example, Carslaw & Jaeger (1947). (This is 
amore convenient form of equation (6) of Fatt & Katz, 1951, for which I am indebted to Dr B. L. 
Ginsborg.) With W=1 mV, Z,=60 mV, Z,=—15 mV, R=1 MQ, t=2-5 msec (the rise time of a 
focally recorded spontaneous potential, see p. 513) and t, = 40 msec (see Burke & Ginsborg, 19565, 
for further details), 


8-3 x10*Q-. 


The additional conductance per cm length of fibre during the s.}.p. (1/r,) is 
about 115 times the additional conductance during a spontaneous potential 
(1/S); hence if the transmitter units are uniformly distributed, about 115 units/ 
em. would be discharged during the s.j.p. This calculation assumes, however, 
that the units are discharged simultaneously during 2-5 msec. In fact, the 
rise time of the s.j.p. is usually about 10 msec. Hence to maintain the same 
additional conductance during 10 msec about four times as many units would 
be required, i.e. 4x 115/cm. If, on the other hand, the rise time of the spon- 
taneous potential were as long as 10 msec, the value of 1/S, recalculated from 
the above equation, would be 4-3 x 10-* Q-, i.e. about 215 units/cm would be 


In view of the uncertainty about the true rise time of the spontaneous 
potential, it is best to state the estimated ‘quantum content’ as 215-460/cm, 
although the upper figure is probably better. In any case, the estimate is only 
very approximate because of the various assumptions made; it probably 
gives the right order of magnitude. 
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Since the s.j.p. is increased in size by as much as 2-5 times when the external 
calcium concentration is quadrupled, the total number of available units must 
be greater than m by a factor of at least 2:5. This gives a population of 
540-1150 units or more per cm. Accepting this only as a very approximate 
estimate it is worth mentioning that the number of individual nerve-muscle 
junctions on the slow fibre (iliofibularis, R. esculenta) may be as many as 70 
(Couteaux, personal communication), and this figure is likely to be an under- 
estimate because the method of staining employed (histochemical staining for 
cholinesterase) does not usually reveal all the junctions on any given fibre. 
Hence in the slow fibre, the average length of which is about 1 cm, it is possible 
that the normal effect of any junction may be that of only 5 or less ‘transmitter 
units’ and the maximum effect that of only about ten units. 


SUMMARY 


1. Spontaneous potentials have been described in the slow muscle fibres 
of the frog. They appear to be due to the random discharge of discrete units of 
transmitter substance from the nerve endings. 

2. Addition of magnesium to the external fluid decreases the size of the 
small-nerve junctional potential (s.j.p.), addition of calcium increases it. In 
a high-Mg/low-Ca medium the response fluctuates considerably, and in its 
size and time course resembles the. spontaneous potentials. 

3. The results are in agreement with the hypothesis that the s.j.p. is due to 
a nearly simultaneous discharge of units which are also active spontaneously. 

4. An approximate estimate has been made of the number of transmitter 
units discharged during the s.j.p. 

I am indebted to Professor B. Katz for constant encouragement and advice, and to Dr B. L. 
Ginsborg for many helpful discussions. 
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SOME PROPERTIES OF MAMMALIAN SKELETAL MUSCLE 
FIBRES WITH PARTICULAR REFERENCE TO — 
FIBRILLATION POTENTIALS 


By CHOH-LUH LI, G. MILTON SHY anv JAY WELLS 


From the National Institute of Neurological Diseases and 
Blindness, National Institutes of Health, Bethesda, Maryland 


(Recewed 7 August 1956) 


Fibrillation potentials recorded from denervated muscle are generally believed 
to originate in single muscle fibres (Denny-Brown & Pennybacker, 1938). 
Eccles (1941) suggested that some of the fibrillation potentials recorded from 
denervated skeletal muscles of the cat may arise at any point along the muscle 
fibre, whereas Hayes & Woolsey (1942) concluded from their experiments on 
denervated rat diaphragm that all fibrillation potentials take origin from the 
end-plate zone. These views were based on observations by means of relatively 
large extracellular recording electrodes, and the origin of the potentials could 
not be determined with absolute certainty. 

With intracellular electrodes Nicholls (1956) measured the resting potentials 
and membrane resistance of denervated muscles of the frog, but no account 
was given of spontaneous fibrillation potentials, probably because fibrillation 
is infrequent in amphibia (Fatt & Katz, 1952). Membrane resting potentials 
of denervated mammalian skeletal muscles were also studied with intracellular 
electrodes by Ware, Bennett & McIntyre (1954). These authors likewise made 
no report on the spontaneous fibrillation potentials. 

The experiments described below were designed primarily to study the 
fibrillation potentials recorded with intracellular electrodes from denervated 
muscle fibres. This study also permitted observations on the responses to 
motor nerve stimulation in mammalian skeletal muscles in vivo. 


METHODS 


Twenty-five albino rats weighing between 200 and 250 g were used. The sciatic nerves of fourteen 
of these rats were cut in mid-thigh under ether anaesthesia 3-22 days before recording. Study of 
the response to electrical stimulation was carried out in the eleven remaining rats. Some of the 
rats were curarized with an intravenous dose of tubocurarine chloride (1-4 mg/kg). 

At the time of the recording the trachea and right external jugular vein were cannulated under 
ether anaesthesia. The animal was then maintained at a surgical anaesthetic level by thiopental! 
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sodium administered intravenously, The tracheal cannula was attached to a Plexiglass chamber 
equipped with a flutter valve, through which pure oxygen flowed. Intermittent positive-pressure 
artificial respiration was administered when needed. 

The denervated muscles (anterior tibialis, extensor digitorum longus, peroneus longus, soleus 
and gastrocnemius) were exposed by reflexion of the skin and fasciae. The entire limb, with its 
blood supply intact, was kept immersed in mammalian Krebs’s solution (NaCl, 118-5; NaHCO,, 
24-85; CaCl,, 2°54; KH,PO,, 1-118; MgSO,, 1.118; KCl, 4-74 mm; and dextrose 1 g/l.; the solution 
was equilibrated with O,+CO, mixture). The cut sciatic nerve was exposed for stimulation. In 
some experiments the muscle used was reflected to facilitate insertion of the microelectrode into 
the under surface, thereby avoiding the fibrous tissue on its outer surface. 

The recording electrodes were glass micropipettes, measuring less than 0-5 » in outside diameter 
filled with 3m-KCl solution, The glass micropipette electrode was connected to the input grid of a 
cathode follower, which in turn was connected to a direct-coupled amplifier. A condenser- 
coupled amplifier was also available for high gain records. A calibration signal could be sent 
through the indifferent electrode in the bath to the preparation as desired. A battery was used to 
balance the 2 V above ground presented by the floating grid of the cathode follower. The 
response of the recording system was flat from 0 to 6000 o/s, falling to 50% at 15,000 o/s. 

The micropipette was attached to a micromanipulator, and the initial contact of the micro- 
electrode tip with the muscle could be observed under a microscope. Further insertion of the micro- 
electrode was carried out blindly because it was necessary to search for fibrillating fibres in the 
depth of the muscle. Penetration of the muscle fibres was indicated by a sudden shift of steady 
potential to negativity recorded at the tip of the microelectrode. These changes were striking and 
offered reliable criteria for fibre penetration; however, little confidence could be placed in the 
absolute values of the recorded membrane resting potentials. This will be discussed later. 


RESULTS: 

Innervated muscles 
The muscles in the control animals showed no fibrillary movements under the 
microscope. As the microelectrode entered a muscle fibre, signalled by a sudden 
_ shift of steady potential, stimulation of the motor nerve elicited a spike action 
potential and a muscle twitch. If the electrode was not dislodged by the 
- muscle movement, the spike potential, in response to a subsequent stimulus, 
would decrease in amplitude and show an inflexion in its rising phase. As 
the amplitude of the spike was further reduced, the inflexion would become 
more conspicuous, appearing as a ‘notch’, and eventually the spike would split 
into two components, This change, presumably due to a delay in impulse 
conduction along the impaled fibre, is similar to that observed in damaged 
nerve fibres (Tasaki, 1952; Woodbury, 1952). 

As one would expect, when stimulation was directly applied to the muscle, 
no prepotential was recorded, but prepotentials were frequently observed 
following nerve stimulation. (Fig. 1). On some occasions the spikes evoked by 
repetitive stimulation were initiated at a constant level of potential, as shown 
in Fig. 1. In this experiment the first two stimuli were followed by depolariza- 
tion of the membrane to the same potential level where spike discharges 
occurred, although the membrane resting potentials were not the same in 
the two cases. Depolarization of the fibre following subsequent stimuli did 
not reach a critical level and failed to initiate spike discharges. In most cases, 
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however, responses to successive stimuli were unpredictable in their configura- 
tions, probably because of the rapid deterioration of the impaled fibre conse- 
quent on contraction. 
In curarized rats nerve stimulation elicited responses such as those illus- 
| trated in Fig. 2 (these @xperimente were carried out in collaboration with 


Fig. 1. Single muscle fibre responses to nerve Stumulation. Ihe first line of the record represents 
zero membrane potential with time marks 1 msec superimposed; the numbers at end of each 
response indicate the order in which the stimuli were applied to the nerve; note the critical 
level for the spikes to rise and the inflexion in the rising phase of the second and ‘splitting’ 
of the third response, presumably due to a delay in impulse conduction. In this and subse- 
quent figures positivity is upwards unless stated otherwise. 


Fig. 2. Small potentials in response to nerve Stimulation after the animal had been curarized. 
A, responses to stimulation of increasing strength from 0-5 to 5-0 V with a pulse duration of 
0-2 msec; the first line of each record was taken through a condenser-coupled amplifier in 
which downward deflexion represents positivity; B, responses to twin shocks of various inter- 
vals. Time marks, 1 msec; voltage calibration, 2 mV. 
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Dr Paul Fatt). The size of these responses recorded from different experiments 
varied considerably, but their time course was fairly consistent and com- 
parable to the measurements given by Fatt & Katz (1951) for the end-plate 
potentials of the frog’s sartorius muscle. These potentials appeared to be 
_ ‘gll-or-none’; the size of the potential recorded from a given fibre was not 
affected by altering the strength of the nerve stimulation (Fig. 2A). Further, 
summation of two potentials evoked by successive stimuli was observed. 
With deep curarization the summated potentials failed to generate a spike 
discharge, although the potential in response to the second stimulus tended 
to be greater than the first (Fig. 2B). This is consistent with the observations of 

Eccles, Katz & Kuffler (1941), | 


Fig. 3. Responses of a motor unit to twin shocks at various intervals; time marks, 1 msec ; 
calibration, 8 mV. 


The absolute refractory period of these potentials was found to be about 
2 msec (Fig. 2B). This observation was substantiated by the experiments in 
which the excitability of motor units was tested. Since the discharge of a 
motor unit results from synchronous firing of many muscle fibres, it cannot be 
detected with intracellular electrodes. In these experiments an extracellular 
microelectrode in the muscle recorded a diphasic potential in response to 
application of stimulus to the motor nerve (Fig. 3): the diphasic potentials 
might be as large as 25 mV. When twin shocks were applied to the nerve 
within an interval of 2 msec no response to the second shock was recorded. 
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As the interval between the two shocks was lengthened, the second response 
began to grow. The gradation of the response of a motor unit probably depends 
upon the number of responding muscle fibres. Fig. 4 shows the recovery of a 
motor unit following a single stimulus to the motor nerve. 


15 20 
Interval (msec) 


Fig. 4. Recovery of a motor unit following single stimulation to motor nerve. The inserted super- 
imposed records illustrate the gradual increase in size of the responses to test stimuli. 


Denervated muscles 


Two days after a muscle was denervated no fibrillary movement of the 
exposed muscle could be observed under the microscope, nor were any spon- 
taneous potentials detected. On the third day both visible and electrical 
fibrillation began, but the number of fibres involved was small. Stimulation 
of the nerve distal to the division failed to elicit any movement of the muscle. 
From the fourth to the twenty-second day extensive fibrillary movements were 
observed, which disappeared about 30 min after the muscle had been exposed, 
but fibrillation could still be detected electrically up to more than 3 hr after 
exposure. 

Fibrillation potentials recorded with an extracellular microelectrode were 
diphasic. Their amplitude varied considerably, but commonly fell between 
1-0 and 3-0 mV when recorded with the same microelectrodes used for intra- 
cellular recordings. Spikes of different amplitudes were often recorded simu!- 
taneously. The multiplicity of unit discharges recorded with an extracellular 
electrode can be ascribed to overlapping of the potential fields generated by 
several muscle fibres (Lundervold & Li, 1953). The gradient of potentials in 
the fields must be steep since a slight movement of the microelectrode would 
cause a disproportionate increase in the size of one unit in comparison to 
another. 

Frequently a diphasic unit would suddenly become monophasic with an 
enormous increase in amplitude. In these instances the spikes were positive 
and were not intermingled with spikes of various amplitudes. The frequency 
of discharge remained unaltered, and there was a shift of the steady potential 
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to negativity, indicating that the recording electrode probably had entered a 
muscle fibre and was recording what had previously been an extracellular 
diphasic potential from the other side of the surface membrane. The trans- 
formation of a diphasic spike into a monophasic one as the recording electrode 
impales the surface membrane has been demonstrated in cortical neurones 
(Li, 1955). 

The spontaneous fibrillation potentials, recorded intracellularly, were 
distinguishable from injury potentials because they were found only in 
denervated muscles ; they also maintained a constant amplitude and frequency 
for long periods. Fig. 5 illustrates this by showing that the frequency of dis- 
charge of a fibre was fairly regular until signs of deterioration of the resting 
and action potentials developed. Usually this happened from | to 20 min 
following the impalement of the fibre by the microelectrode. 


Fig. 5. Fibrillation potentials, The marks on the zero membrane potential line are 1() msec apart; 
_ vertical bars represent 50 mV. Note the different frequencies of the spontaneous discharges 
recorded from different fibres and the instability of the membrane resting potential. In A 
rhythmic oscillation of membrane potential is illustrated by absence of spike indicated by 
arrow. 


Fig. 5 also illustrates that in some cases fibrillation potentials were 
associated with regular oscillations of membrane resting potentials similar to 
those recorded by other authors in other rhythmically firing structures 
(Weidmann, 1951; Eyzaguirre & Kuffler, 1955; Frank & Fuortes, 1955). In 
agreement with these authors it was observed that spike discharges occurred 
when oscillation of the underlying slow potential reached a given depolariza- 
tion level, which was constant in a given unit. The requirement for a critical 
level of depolarization for initiation of spike discharges is comparable to that 
_ observed in innervated muscle fibres (see Fig. 1). 
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It was also noted (Fig. 5A) that rhythmic oscillations of potentials could be 
recorded in the absence of spike discharge, suggesting that the spike is not a 
necessary link in the events leading to rhythmicity. This is consistent with the 
conclusions obtained from experiments with nerve fibres in reaction to 
chemical agents (Brink, Bronk & Larrabee, 1946). 

In some experiments oscillation of the underlying slow potential was not 
present, thus the record appeared flat in the interval between the spike 
discharges. The spike was usually preceded by a prepotential. The size of the 
prepotentials recorded from a muscle fibre at a given electrode position was 
constant, although there were variations in different experiments (Fig. 6). 


Fig. 6. Prepotentials of various sizes recorded irom three different fibres. Time marks, | msec; 
voltage calibration, 50 mV. 


It is conceivable that the spike potential was propagating from an active focus 
and the size of the prepotential was determined by the distance between the 
active focus and the site of recording. _- 

Frequently spontaneous rhythmic small potentials were recorded from 
a denervated fibre. Size and frequency of these small potentials recorded from 
different fibres varied, but their configuration and time course were rather 
constant (Fig. 7). In the experiment shown in Fig. 7A the rising phase of a 
small potential took 1 msec to reach its crest of 10 mV, followed by a slow 
decline which lasted for 24 msec. In B the amplitude of the small potential wa: 
5:5 mV with a rise time of 1 msec and total duration of 30 msec. A possible 
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explanation derived from these measurements is that these small potentials 
might be end-plate potentials. 

In many experiments small potentials were recorded from a muscle fibre 
| concomitant with spike potentials (Fig. 8). Usually the frequencies of small 
potentials and spikes were different and unrelated. In these cases, when the 

onset of a spike happened to occur in the rising phase of a small potential, the 
| discharge of the spike falsely appeared as though initiated by the small 
potential identical to an end-plate potential. Conversely, if a small potential 
occurred in the falling phase of a spike, the small potential would appear as a 
‘hump’. 4 


| Fig. 7. Spontaneous discharge of small potentials recorded from two denervated muscle fibres with 
slow and fast sweep speeds. Zero membrane potential line marks 1 msec in A and 10 msec 
; in B; voltage calibration 50 mV. 


In other experiments the spike discharges were always preceded by small 
potentials. In these cases, identification of these two potentials as two 


different events became difficult (Fig. 9). The record taken with an expanded 
time base showed that there was a distinct ‘step’ amounting to 25 mV with a 
duration of 1-5 msec. The configuration of this record bears a remarkable 
resemblance to those obtained following nerve stimulation in innervated 
muscles (see Fig. 1). 

_ In innervated muscles deterioration of action potentials in response to 
repetitive nerve stimulation was observed. Similar observations were also 
made in spontaneous discharges of action potentials in denervated muscle 
+ fibres, except that in the latter case the process of deterioration could be 
observed in its entirety and was found to be reversible (Fig. 10). In the experi- 
| ment shown in Fig. 10 the spike potential, after its repetitive occurrence for 

: several seconds, gradually evolved into two small potentials of identical shape 
and size. For a period the record appeared to consist of paired discharges. 
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Later the pair began to merge into a large potential with a ‘notch’ at its peak. 
With the disappearance of the notch the potential resumed its original size and 
shape. No significant change in the resting potential was detected. These 
observations would indicate that deterioration of a spike action potential is 
not irreversible and the amplitude of a deteriorating spike action potential 
may not be associated with a change in the resting potential. 


Fig. 8 Fig. 9 


Fig. 8. Small potentials and spike potentials recorded from three different muscle fibres. A shows 
the independent occurrence of these two potentials; B, occurrence of spike potential in the 
rising phase of small potential; C occurrence of small potential in the falling phase of spike. 

Fig. 9. Small potentials preceding spike potentials. A, slow sweep speed; B and C recorded from 
two fibres with different sweep speeds ; time marks, 10 msec in A and | msec in C; voltage cali- 
bration, 50 mV. 


Membrane resting potentials 


In the course of this study resting potentials of 325 denervated and 111 
innervated muscle fibres were measured. Resting potential in fibrillating 
muscle fibres appeared to remain unchanged after the muscle had been dener- 
vated. Thus, the mean value was found to be 61 + 16-4 mV, while the mean 
value in normal controls was 61 + 4-2 mV. There was no appreciable difference 
in resting potential measurements obtained from experiments on different 
days after denervation. In view of the wide range of these measurements, 
which accounted for the high standard deviations (+ 16-4 and +4-2 mV), and 
of the fact that these measurements were relatively low compared to those, 
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reported by Trautwein, Zink & Kayser (1953) in guinea-pigs and cats, Bennett 
Ware, Dunn & McIntyre (1953), Ware et al. (1954) in mice, and Nicholls (1956) 
in frogs, questions were raised of a possible error resulting from junction 
potentials created at the electrode tips (del Castillo & Katz, 1955; Adrian, 
1956). In fact, some of our records occasionally showed a small resting potential 
(20 mV) with action potentials exceeding the zero membrane potential by 
50-60 mV, or a large resting potential (130 mV) with an ‘overshoot’ of the 


Fig. 10. Progressive change of spontaneous fibrillation potentials. This process was found to be 
reversible; during recovery the potentials followed a similar sequence of changes, in the 
reverse order. 


action potential of less than 5 mV. In these examples it is conceivable that 
the apparent resting potentials were substantially decreased or increased by 
a ‘tip potential’ effect. 

Consequently, using electrodes with a junction potential shai in 
Ringer’s solution with a symmetrical recording system) of less than 5 mV and 
resistance of 3-10 MQ, experiments for the determination of membrane 
resting potentials were repeated. It was frequently found that when the 
electrode was brought into contact with the muscle the resistance increased 
with a concomitant change in es at the tip of the recording electrode. 
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If the electrode was then inserted further and was located inside a muscle 
fibre, the resistance of the microelectrode would again decrease to its original 
value. In some experiments fluctuation of the electrode resistance would 
occur even though the electrode was constantly kept inside a fibre, suggesting 
that the ‘tip potentials’ might be continuously changed as long as the micro- 
pipette was in an electrolyte medium with constituents carrying electrical 
charges, as pointed out by del Castillo & Katz (1955) and Adrian (1956). After 
taking precautions against this error, the membrane potentials determined 
again showed no significant difference in the muscles before and after denerva- 
tion, as shown in Table 1. It has been noted (Nastuk & Hodgkin, 1950; 
del Castillo & Katz, 1955; Frank & Fuortes, 1955) that when a micropipette 
is inserted into the depth of living tissues, large potentials may develop at its 
tip and therefore greatly obscure the measurements of membrane potentials. 


Taste 1. Membrane resting potentials of rat skeletal muscle in vivo 


Resting potential 
No. of fibres r A ‘ 
examined Range (mV) Mean (mV) 
Innervated muscle 55 64-99 72-2+5-3 
Denervated muscle 75 55-98 73-0 + 10-3 


It is perhaps for this reason that the values of membrane potentials measured 
in this research, which required blind searching for fibrillation potentials from 
the depth of muscle, presented a much wider distribution than those obtained 
by others who selected fibres from only the superficial layer of muscle. 


DISCUSSION 


Since most penetrations were made in the depth of the muscle, it was impos- 
sible to locate end-plates; nevertheless, when the animal was curarized and 
the nerve stimulated, the relatively small potentials sometimes recorded 
within a muscle fibre would suggest that occasionally the recording micro- 
electrode was located close to the terminal axon of the motor nerve. Since the 
refractory period for the small potentials could be established by twin shocks, 
it would appear that the responses arose from the same source. Thus, the 
small potentials of mammalian skeletal muscle fibres seem similar to end- 
plate potentials of the frog’s sartorius muscles. This is in agreement with the 
observations of Boyd & Martin (1956). 

However, in some of our experiments with denervated muscle fibres large 
spike potentials were frequently seen to be intermingled with small potentials. 
Their occurrence was independent and the discharge of the one could occur 
during the refractory period following the other. The small potentials inter- 
mingling with large spikes should not be interpreted as delayed propagation 
of action potentials of the muscle fibre, for such a potential was characterized 
by a ‘notch’ and paired discharges before evolving into two small potentials 
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of identical shape and size. If conduction of the surface membrane was inter- 
rupted, excitation of one segment of the fibre did not necessarily affect the 
activity of the other and the microelectrode recording from the blocked 
region was capable of detecting potential changes on the two sides. This 
implies that there were multiple foci in a single muscle fibre from which the 
fibrillation potentials could be initiated, although at any given time the 
activity of many of these foci might have been subthreshold. 

Whether or not these foci corresponded to the end-plate regions is undeter- 
mined; however, multiple end-plates in a single muscle fibre which were 
derived from the same parent axon have been demonstrated by anatomical 
methods (Kulchitsky, 1924; Denny-Brown & Pennybacker, 1938; Feindel, 
Hinshaw & Weddell, 1952), and it is possible that denervation leads to their 
becoming hyperexcitable or spontaneously active. 

It was demonstrated that the membrane resting potentials of denervated 
muscle fibres tended to oscillate. The instability of membrane potential, 
which was not observed in innervated muscle fibres, may indicate metabolic 
changes in denervated muscles, as evidenced by the studies of Humoller, 
Griswold & McIntyre (1950) and Humoller, Hatch & McIntyre (1951). 

Membrane resting potentials of skeletal muscle of mice were determined 
in vivo by Bennett et al. (1953). The measurements given by these authors do 
not agree with those of guinea-pigs and cats reported by Trautwein et al. 
(1953). These discrepancies could be attributed to the difference in experi- 
mental animals, but if the criteria for the selection of measurements are not 
consistent, the results inevitably wil) be different. Because of the possible 
error produced by junction potentials at the electrode tips, it is inadvis- 


membrane potential measurements (del Castillo & Katz, 1955). For similar 
reasons it seems equally inadvisable to reject measurements of relatively low 
values. Until the technique and criteria for the determination of membrane 
resting potentials are standardized, different results reported from different 
laboratories are to be expected. In the meantime, our figures are closer to 
those of Trautwein et al. (1953) than to those of Bennett et al. (1953). 


SUMMARY 


Attempts to determine the origin of fibrillation potentials recorded from rat’s 
skeletal muscle with microelectrodes have led to the following results and 
conclusions: 

1. In ecurarized animals stimulation of the motor nerve elicited small 
potential responses from innervated muscle fibres similar to end-plate poten- 
tials. These small potentials were found to be ‘all-or-none’, and to have an 
absolute refractory period of about 2 msec. 
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2. The excitability of motor unit discharges was determined and the 
recovery of a motor unit subsequent to a stimulus to the motor nerve was found 
to be of the order of 10 msec. 

3. Fibrillation potentials were sometimes recorded intermingling with 
small potentials, suggesting that there are multiple foci from which fibrillation 
potentials could be initiated, although at any given time the activity of many 
of these foci might be subthreshold. 

4. That the origin of fibrillation potentials is in denervated single muscle 
fibres was established by means of intracellular recording. Whether or not 
these potentials are initiated by isolated foci other than the end-plates remains 
to be determined. 

5. The membrane resting potentials of denervated muscle fibres tended to 
oscillate, frequently in a rhythmic manner, which might not precipitate an 
action potential. Spike discharge was initiated only when the underlying 
potential reached a critical level. 

6. Membrane potentials of the rat skeletal muscle in vivo were found to be 


_ 12-2453 mV. There was no significant statistical change after denervation. 


The authors wish to express their gratitude to Dr Paul Fatt for his helpful suggestions, and to 
Dr Michelangelo G. F. Fuortes for his valuable assistance in preparing this paper. 
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A CYTOCHEMICAL STUDY OF THE ADRENAL CORTEX 
REGENERATING AFTER ENUCLEATION 


By C. PELLEGRINO anp A. TORCIGLIANI 
From the Istituto di Patologia generale, University of Pisa 


(Received 8 August 1956) 


In recent years detailed studies of the chemical composition of organs under- 
going hypertrophy have been published. The liver in hypertrophy after partial 
hepatectomy has been the organ of choice for these studies, the most com- 
prehensive being those of Price & Laird (1950) and Tsuboi, Yokoyama, 
Stowell & Wilson (1954). Some investigations have also been made on the 
kidney in compensatory hypertrophy after unilateral nephrectomy (Mandel, 
Mandel & Jacob, 1950; Vegni, 1953; Dianzani & Biaggini, 1954). In this case 
the hypertrophy is essentially localized to the proximal convolutions which 
comprise a relatively small proportion of the total mass of the kidney (Oliver, 
1944-5). 

In the present paper the chemical composition has been studied of the 
adrenal cortex during regeneration after enucleation (Hartman, Brownell 
& Knouff, 1947). This process can be defined as true regeneration, since it 
complies with many of the criteria expounded by Cameron (1952). In parti- 
cular, adrenal regeneration differs from liver hypertrophy after partial 
hepatectomy because initially the regenerating tissue shows signs of lack of 
differentiation as evidenced by the absence of normal zones in the cortex 
during the first month. 

One of the main points of this investigation was to attempt to correlate 
chemical changes occurring during the regeneration with the gradual restora- 
tion in the functional abilities of the enucleated gland, this being a continua- 
tion of previous work carried out in this Department. 


METHODS 


Animal procedure. Young virgin female rats of the Italico strain were used, bred in this Depart- {| 
ment’s colony and weighing between 90 and 192g at the time of death. They were kept on 
a standard balanced diet (Randoin & Causeret, 1947) supplemented by green vegetables. Enuclea- 
tion of both adrenals was performed according to Hartman et al. (1947), in a single stage by the 
dorsal approach under light ether anaesthesia. Enucleated animals were not given NaCl in the 
drinking water. 
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Preparation of adrenal fractions. Groups of rats were killed by stunning and exsanguination at 
intervals varying from 15 to 90 days after the operation. It was considered that adrenals 
regenerating for periods shorter than 15 days were not suitable for this study on account of the 
presence of variable amounts of blood coagulum, necrotic tissue, macrophages and fibroblasts, 
which could obscure the interpretation of the chemical data (Greep & Deane, 1949; Pellegrino, 
1951). The adrenals were quickly dissected, freed of connective tissue and stored at 0° C until all 
the glands had been collected. Pooling a relatively large number of adrenals (from 24 to 40) was 
not only necessary in order to secure enough material for the analyses, but also smoothed out 
individual variations in the extent of regeneration. The pooled glands were weighed and dispersed 
in a Potter & Elvehjem (1936) homogenizer fitted with a Perspex pestle ond acetates by 
ice in 9 parts of ice-cold 0-88 m sucrose containing 0-002 m versene (ethyl cetic 
acid) adjusted to pH 7-2. The time (2:5 min) and conditions of homogenization were carefully 
controlled to ensure they could be reproduced. Hypertonic sucrose was chosen, because clumps 
of nuclei were very rarely observed with this medium in contrast to isotonic sucrose. 

Regenerating nuclei might be more fragile than normal and more liable to break during the 
homogenization. This possibility was tested as follows. The nuclear fractions of dispersions of 
normal and regenerating tissue were separated according to Schneider (1949) in a refrigerated 
centrifuge (Eispirouette, Phywe). Deoxyribonucleic acid (DNA) was determined separately on 
the nuclei and the supernatant using the procedure described below. The difference between 
normal and regenerating tissue was negligible. In all cases at least 92% of the total DNA content 
of the dispersion was recovered in the nuclear fraction, indicating that our results for nuclear 
counts and chemical composition of the average cell are approximately correct. The dispersions 
were kept at 0° C until used for various determinations. 

Nuclear counts. Suitable aliquots were taken in duplicate from the 1-in-10 tissue dispersion and 
were diluted a further 1-in-10 or 1-in-20 with a solution containing 0-01 % (w/v) gentian violet in 
3% (v/v) aqueous acetic acid (Laird, 1953). Nuclei are clearly differentiated by this staining 
technique. The suspension was shaken thoroughly and the nuclei were counted in a Biirker 
haematocytometer chamber by two observers within 2 hr after the preparation of the dispersion. 
At least 1000 nuclei were counted by each person and counts were repeated, if necessary, until the 
results did not differ by more than 5%. 

Chemical measurements 

Total nitrogen was determined in duplicate or triplicate, by the micro-Kjeldahl method. The 
digestion was carried out in the presence of potassium persulphate, and ammonia distilled in the 
Markham (1942) apparatus was collected in 0-0143 n-H,SO, for back titration with 0-0143 n-NaOH 
using Tashiro’s indicator. 

Protein nitrogen. Suitable aliquots of the homogenate (in duplicate or triplicate) were added to 
5 ml. of 5% (w/v) trichloroacetic acid (TCA) and after centrifugation the supernatant was care- 
fully decanted. The sediment was resuspended in 3 ml. of 5% (w/v) TCA, centrifuged and after 
discarding the supernatant dissolved in warm 2N-NaOH (0-5 ml.) and analysed for N as described 
above. 

Separation of phosphates, lipids and nucleic acids. Duplicate aliquots of the homogenate were 
fractionated according to Schneider (1945) into: (i) cold TCA soluble fraction; (ii) hot ethanol- 
ether (3:1) soluble fraction; (iii) hot (90° C) TCA soluble fraction, and (iv) residual fraction. — 

Phosphorus determinations were carried out in duplicate on aliquots of fractions (i), (ii) and 
(iv), previously digested with 1 ml. 60% (v/v) perchloric acid (Ciba), using the method of 
Lowry, Roberts, Leiner, Wu & Farr (1954) adapted for the use of larger samples. Optical 
densities were read at 820 my in a Beckman Model DU spectrophotometer and compared with 
standards. 

Estimation of cholesterol. Free and total cholesterol was determined on aliquots of fraction 
(ii) according to Popjdk (1943), using redistilled solvents throughout. The colorimetric assay of 
cholesterol was performed as described by Sperry & Brand (1943), always running appropriate 
reagent blanks and standards. 
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Fatty acids. After precipitation of total cholesterol with digitonin and centrifugation, the 
supernatant fluid was carefully decanted, treated as described by Popjék (1943) and fatty acids 
determined colorimetrically according to Bragdon (1951). The results are expressed in equivalents 
of stearic acid (Merck, Darmstadt) which was used as a standard. 

Nucleic acids. Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) were determined in 
the hot TCA soluble fraction (iii) using respectively the diphenylamine method of Dische (1930) 
and the orcinol method of Mejbaum (1939). Preparations of DNA (Na salt) from herring sperm 
(Light) and of RNA from yeast (Bayer) were used as standards. These preparations were used 
without further purification. The atomic extinction coefficients, ¢(P), were 7660 for RNA and 
5300 for DNA. Sugar reactions were used for the estimation of nucleic acids in preference to 
P determinations according to Schmidt & Thannhauser (1945) since the ribonucleotide fraction 
from adrenal tissue prepared according to these authors contains appreciable amounts of non- 
nucleotide phosphate esters (Symington & Davidson, 1956). , 

Ascorbic acid. Immediately after the preparation of the homogenate, 0-1 ml. was added to 5 ml. 
of 4% (w/v) TCA and the mixture was kept frozen at - 18° C until the ascorbic acid was deter- 
mined according to Roe & Kuether (1943). 


Enzyme assays 

These were performed within 12 hr of preparing the tissue dispersions, with the exception of 
cytochrome oxidase, which was tested within 1 hr. 

Estimation of cytochrome oxidase, This was carried out by the spectrophotometric method of 
Cooperstein & Lazarow (1951) in a Beckman Model DU spectrophotometer using 1 cm cells. The 
reaction was started by adding 0-1 ml. of a suitable dilution of the homogenate in 0-03 m phosphate 
buffer, pH 7:4, to 3 ml. of 1-7 x 10 m cytochrome c (Sigma Chemical Co.), in the same buffer, 
which had previously been reduced with sodium hydrosulphite. Optical densities at 550 my 
were read every 30 sec for 3 min. The blank was then read after adding a small amount of solid 
potassium ferricyanide to the reaction mixture. The assays were always carried out, at least in 
duplicate, at two enzyme levels. The oxidation of cytochrome c behaved as a first-order reaction 
with respect to the logarithm of the concentration of reduced cytochrome c. The results of the 
assay are expressed in units, one unit being defined as the activity of the enzyme causing the 
logarithm of the concentration of reduced cytochrome c to decrease by 1/min/10 ml. of incubation 
mixture containing 100 mg of tissue (wet weight). Since the cell compartment of the spectro- 
photometer was not thermostatically controlled, the temperature in the cell at the end of each run 
was recorded and only the results obtained at 19°+ 1° C used. 

Acid and alkaline phosphatase assay. The activity of these enzymes was measured at 38° C in 
the presence of 0-005 m sodium di-phenylphosphate (British Drug Houses, Ltd.) as substrate, 
according to the procedure described by Mathies, Goodman & Palm (1952). The pH of the assay 
mixtures were 5-64 0-1 and 10-10+0-05 respectively, for the acid and alkaline phosphatase deter- 
minations. These were determined at two enzyme levels using 1-in-20 dilutions of the original 
homogenate in distilled water. 


£-Glucuronidase. This was assayed as described by Pellegrino & Villani (1956) at pH 5-2, using 


phenolphthalein glucuronide as substrate. A 1-in-20 dilution of the original tissue dispersion in 
distilled water was used for the estimation, thus obviating the inhibitory effect of higher sucrose 
concentrations (Gianetto & deDuve, 1955). 

Presentation of the data. The results are expressed in terms of concentration per unit wet weight 
of the tissue, of amount per cell (on the basis of the nuclear counts) and as total amount or total 


activity of both adrenals/100 g body weight as a percentage of normal (as an expression of the 
rate of restoration). 


Adrenal wt. (mg/100 g bedy wt.) 
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RESULTS 

Rate of adrenal regeneration. Fig. 1 shows that adrenal regeneration in terms 
of weight of the tissue is slow and the regenerated tissue, even 3 months after 
the operation, is only 62% as heavy as the normal gland. However, the weight 
of the latter includes the medulla which is absent from the regenerating gland, 
but according to Donaldson (1919) and Jackson (1919) this accounts for less 
than 10% of the normal weight of the organ. Thus it is evident than even 
90 days after the operation the normal weight of the cortex is not restored. 
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Fig. 1. Weights and nuclear counts of adrenals during regeneration after enucleation. Results for 
the two adrenals are expressed in terms of body wt. and represent the means of three or four 
groups of adrenals (see Methods): ©, adrenal weight; @, nuclear counts; vertical lines 
represent 1 or 2 x the 8.x. 


Fig. 2. Nuclear counts expressed in terms of wet wt. of adrenals. The vertical lines represent. 
2 x S.E. 


Concerning the number of cells in the regenerating tissue, these fell to a very 
low level (22% of the normal) 15 days after the operation and then increased 
gradually to 56 % of the normal after 3 months. The marked variations observed 
during the course of regeneration in the number of nuclei per mg of tissue 
(Fig. 2) could indicate considerable modifications in the weight of the average. 
cell. This will be dealt with more fully in the discussion. 

The total and protein nitrogen contents of the regenerating adrenals run 
parallel throughout the whole of the experimental period (see Fig. 3). These 
contents remain approximately constant when expressed on a wet-weight. 
basis, whereas they are both greatly increased on a cell basis, reaching a maxi- 
mum at 15 days, followed by a gradual decrease towards the norma! values. 


> 
4 


540 C. PELLEGRINO AND A. TORCIGLIANI 


Even 3 months after the operation, however, both total and protein nitrogen 
contents are considerably lower than normal. 

Deoxyribonucleic acid. The average DNA content of the nucleus rose from 
11-6 to 31x 10-* mg during the first 15 days of regeneration. A slow and 
progressive decrease followed, but even after 3 months the nuclear DNA 
content was still higher than normal (see Fig. 4). The DNA content per cell 
thus follows the same pattern of change during regeneration as do the total 
nitrogen and protein contents (see Figs. 3 and 4). 

The concentration of DNA does not vary greatly during the regeneration 
period, indicating that the synthesis of this nuclear constituent parallels that 
of other cell constituents. The restoration of the total DNA content of the 
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Fig. 3. Nitrogen content of regenerating adrenals. ©, total N; @, protein N; results are expressed 
in terms of wet wt. adrenals (A); per nucleus (B); and as a percentage of the N content of 
normal adrenals per 100 g body wt. (C). The vertical lines represent 1 or 2 x 8.8. 

Fig. 4. DNA (©) and RNA (@) contents of regenerating adrenals. Results are 
terms of wet wt. adrenals (A); per nucleus (B); and as a percentage of the hid oc RNA 
content of normal adrenals per 100 g body wt. (C); the vertical lines represent 2 x s.E. 
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gland is also incomplete, and after 3 months has only reached 65% of the 
normal. 
The ribonucleic acid concentration in the regenerating adrenal remains 
practically constant. The content per cell, however, increases markedly with 
a maximum, as for other cell constituents, at 15 days, when it is approxi- 
mately 2-5 times the normal RNA content. At the end of the experimental 
period, the total RNA content of the regenerating gland is only 67%, of the 
normal. 
Cholesterol. Results for the free and ester cholesterol contents of the 
regenerating glands are presented in Fig. 5. Free cholesterol, which constitutes 
a minor portion of the total adrenal cholesterol, decreased during the first 
month on a wet-weight basis, and then rose gradually to approach the normal 
value. The content per cell, however, was increased 15 days after the operation, 
but thereafter decreased rapidly to reach a normal level after 2-3 months. The 
rate of restoration was extremely low in the first month and incomplete (58% 
of normal) after 3 months. 
Ester cholesterol behaved differently. Its concentration decreased rapidly 
at first and then rose to a maximum at 1 month and subsequently slowly 
declined. The content per cell was practically constant during the first month 
and then decreased gradually. Its rate of restoration was low and did not 
exceed 40%, of the normal amount. 
Total fatty acids. The behaviour of the total fatty acids in the regenerating 
gland is different from that of cholesterol. The concentration in the tissue 
fell after the operation to a minimal value at 15 days and then rose until it 
was finally higher than that of the control group. The content per cell, how- 
ever, was always greater than normal. Following the initial post-operational 
fall, the total content per 100 g body weight was very rapidly restored, and 
at the end of the experimental period was 85°% of that of the control 
glands, 
Phosphorus fractions. Results for the acid soluble, lipid and residual 
(protein) P contents of the regenerating glands are shown in Fig. 6. The nucleic 
acids contents have been presented in a previous section. The acid-soluble 
P content of the regenerating gland, on whatever basis it was expressed, was 
always higher than the control. These increases above the normal were par- 
ticularly marked 15 days after the operation when expressed on a weight or 
cell basis. In contrast to these results, both lipid P and protein P decreased 
in concentration during the first stages of regeneration; this was followed, 
initially at least, by an increase. When expressed on a cell basis, both con- 
stituents were markedly increased at the beginning of regeneration, but fell 
towards normal later. The total lipid P and protein P contents of the 
regenerating glands were not restored to normal by the end of the experi- 
mental period. 
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Fig. 6. Phosphorus fractions of regenerating adrenals. ©, acid-soluble P; @, lipid P; x , residual P. 
Results are expressed in terms of wet wt. adrenals (A); per nucleus (B); and as a percentage 
of the acid soluble P, lipid P or residual P content of normal adrenals/100 g body wt. (C). For 
convenience, the ordinates for residual P in graphs A and B have been multiplied by 10. The 
vertical lines represent 1 or 2 x 8.z. 
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Fig. 5. Free (©) and ester (@) cholesterol and total fatty acids (x) contents of regenerating 

adrenals. Results are expressed in terms of wet wt. adrenals (A); per nucleus (B); and as 
a percentage of the free or ester cholesterol or total fatty acid contents of normal adrenals per 
100 g body wt. (C). For convenience, the ordinates for free cholesterol in graphs A and B have 
been multiplied by 5, and those for total fatty acids divided by 10. The vertical lines represent 
1 or 2 x 8.5. 
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Ascorbic acid. Changes in the ascorbic acid content of the regenerating 
adrenal glands are shown in Fig. 7. The concentration of ascorbic acid was 
considerably reduced 2 weeks after enucleation, in agreement with previous 
results (Pellegrino & Montella, 1954). A moderate increase was observed later 
but the values were always markedly lower than normal. The content per cell 
was slightly increased 15 days after the operation, but decreased steadily 
afterwards, reaching about two-thirds of the normal amount after 3 months. 
After 2-3 months, the total ascorbic acid content of the regenerating glands 
was only 40% of the normal. 

Cytochrome oxidase. The activity of cytochrome oxidase (see Fig. 8) showed 
no substantial variation, on a wet-weight basis, during the first month of 
regeneration, but decreased somewhat later. 
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Fig. 7. Ascorbic acid content of adrenals during regeneration. Results are expressed in terms of 
wet wt. adrenals (A); per nucleus (B); and as a percentage of the .scorbic acid content of 
normal adrenals per 100 g body wt. (C). The vertical lines repres.n t2 x 8.B. 


Fig. 8. Cytochrome oxidase (©) and f-glucuronidase (@) activities of regenerating adrenals. 
For convenience, the ordinates for B-glucuronidase in curve A have been divided by 100. 
Results are expressed in terms of wet wt. adrenals (A); per nucleus (B); and as a percentage 
of the enzyme activities of normal adrenals per 100 g body wt. (C). The vertical lines represent 
2 x 
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Its activity per cell had increased markedly (almost to three times the 
normal value) after 15 days, followed by a gradual decline to normal at the 
end of the experimental period. The total enzyme activity was only restored to 
about 50% of the normal. 

B-glucuronidase. The activity of B-glucuronidase was followed during 
regeneration, since, according to some workers, increases in the activity of this 
enzyme parallel cell proliferation (Levvy, Kerr & Campbell, 1948; Kerr, 
Campbell & Levvy, 1949, 1950). In the present investigation, however, 
-glucuronidase activity decreased during the first month after the operation, 
on a wet-weight basis and then returned slowly to normal (Fig. 8). Its activity 
per cell followed the usual pattern, with a maximal increase at 15 days and 
a return to normal towards the end of the experimental period. 

Acid and alkaline phosphomonoesterases. The activity of the two main 
phosphomonoesterases was investigated at both pH 5-6 (‘acid’ enzyme) and 
10-05 (‘alkaline’ enzyme). The results are shown in Fig. 9. A decrease in 
activity of both enzymes on a wet-weight basis occurred during the first 
month of regeneration, this being followed by a return to normal in the case of 
alkaline phosphatase. The activity per cell and the rate of restoration followed 
the pattern of the other enzymes. 


DISCUSSION 

The results of the present investigation show that the regenerating adrenal 
gland, even 3 months after enucleation, is still markedly deficient in weight 
(which corresponds to 62% of the normal) and in total number of cells (which 
corresponds to 56% of the normal) even when the absence of the medulla, 
which fails to regenerate, is allowed for. The restoration of the great majority 
of the chemical components of the tissue is also deficient, because their con- 
centration in terms of wet weight of the tissue is normal or low. The only 
component which behaves differently is acid-soluble phosphorus, the absolute 
amount being normal at the end of the experimental period. 

In the course of the regeneration the average adrenal weight, which corre- 
sponded to 52% of the normal 15 days after enucleation, rose to 58% after 
1 month and in the following 2 months increased only from 58 to 62%. It is 
therefore apparent that the gland reached an almost stationary condition, 
from the point of view of weight, after 3 months. Moreover, it is clear that the 
greatest rate of regeneration occurred between the operation and the 15th day, 
by which time almost half of the normal adrenal weight had been restored. The 
presence in the gland of a blood coagulum and of a small amount of necrotic 
material and scar connective tissue, however, prevents precise determination 
of the rate of growth during this period. The present study was therefore 
restricted to a later stage of regeneration, extending from 15 days onwards. It 
corresponds to the last period of weight increase, which follows an early stage 
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of rapid growth, and to a period of cellular readjustment which lasts for some 
months. 

Since the weight of the gland reached an almost stationary stage 3 months 
after the operation, at a level still notably lower than normal, factors pre- 
venting the full restoration of organ weight are probably implicated. The 
total number of cells (nuclear counts) in the regenerating adrenals increases 
progressively from 22% of the normal at 15 days to 56% after 3 months. This 
contrast between the marked increase in cell number and the very slow increase 
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in the weight of the gland during this period could be ascribed either to the 
disappearance of extracellular material and its substitution by. regenerated 
cells, or to marked variations in cell size during the course of the regeneration. 
A relatively constant structural composition of the gland was indicated by 
histological observations which showed that 15 days after enucleation the mass 
of connective tissue which had developed in the centre of the gland and 
between the epithelial regenerating nodules as a consequence of the early 
healing phenomena was markedly reduced and after 1 month had almost 
completely disappeared. 

It is therefore probably correct to conclude that the lack of correlation 
between the weight of the gland and the number of cells during the course of 
regeneration is due chiefly to marked variations in the average cell size. This is 
maximum after 15 days, when the average regenerating cell apparently weighs 
more than twice the normal cell. Later, especially after the first month, while 
the absolute number of cells continues to increase rapidly, the weight of the 
organ increases very slowly, indicating that the average cell is presumably 
smaller. This interpretation is supported by data on other cell constituents, in 
particular total nitrogen, DNA and RNA. It appears therefore that in the 
course of the second and third month of regeneration some structural 
rearrangement takes place in which large cells are replaced by smaller ones. As 
mentioned previously, no data are available on early stages of regeneration. 

Our observation, that the weight of the adrenal cell is restored practically to 
normal when the regeneration of the mass of the tissue is far from being com- 
plete, differs from the results of Tsuboi et al. (1954) on liver hypertrophy after 
partial hepatectomy in the mouse. In this case the weight of the average cell 
was considerably greater than normal at the stage when the organ had recovered 
its original weight, and also for a considerable period afterwards. The mechanisms 
by which an organ recuperates its weight seem therefore to be different from 
those operating in the recovery of the normal weight of the average cell. 

The data on total and protein nitrogen substantiate the conclusions drawn 
from the analyses of wet weight since they show variations in the same direc- 
tion and approximately of the same magnitude. The average DNA content of 
the cell during regeneration is high, particularly after 15 days, when it is more 
than 2-5 times the normal amount. In this connexion the histological observa- 
tions show that many nuclei are considerably increased in size, this being 
particularly evident 15 days after enucleation. The present results on the DNA 
content of the cells are in agreement with those of Price & Laird (1950), 
Thomson, Heagy, Hutchison & Davidson (1953) and Tsuboi et al. (1954) on 
regenerating liver. In view of these data and of those of Leuchtenberger & 
Schrader (1952) and Roels (1956) which show that when the functional condi- 
tions vary the amount of DNA per nucleus does not correspond to the values 
found under normal conditions, it is apparent that when a tissue is growing or 
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undergoing functional variations its DNA content cannot be considered an 
indication of the number of nuclei, and therefore of cells, present. 

As regards the RNA, no variations in concentration were observed in the 
regenerating tissue and the RNA content per cell altered in parallel with the 
total nitrogen and DNA. 

During the course of adrenal regeneration other cell constituents behaved 
similarly to proteins and nucleic acids, in respect to concentration, amount per 
average cell and rate of restoration, indicating that the chemical composition 
of the tissue remained fairly constant for long periods, irrespective of the fact 
that the size of the cells varied considerably. Some constituents, however, 
showed variations which were sometimes pronounced. Among these are free 
and ester cholesterol and ascorbic acid, which vary with changes in activity 
of the adrenal cortex. Their contents per cell were slightly increased at the 
beginning of regeneration but decreased afterwards. On the contrary, fatty 
acids showed an initial decrease in concentration, followed by a marked 
increase. Their amount per cell was always greater than normal. 

Acid-soluble phosphorus was the only component investigated which did 
not decrease, in absolute amount, as a result of enucleation. Its concentration 
and amount per cell were always much greater than normal. An analogous 
behaviour of acid-soluble P is recorded by Tsuboi, Stowell & Lee (1951) in 
liver regenerating after treatment with carbon tetrachloride, but not after 
partial hepatectomy (Tsuboi et al. 1954). The results of the present investiga- 
tion seem to indicate that the increased acid-soluble P might be related to the 
actual process of regeneration rather than to regressive changes, as suggested 
by Tsuboi et al. (1954). 

The activities of the enzymes investigated behaved in a similar manner to 
the majority of cell constituents, except that acid and alkaline phosphatase 
and -glucuronidase decreased in concentration during the first month of 
Tegeneration, an observation which has already been made in other regenera- 
tion processes. 

The present and previous observations (see for references Brogi, 1956) show 
that although the regenerating gland is notably deficient in weight, in number 
of cells and also in many of its chemical constituents, it possesses an almost 
normal functional activity. Also, the marked differences in the size of the 
average cell observed during the regeneration are not apparently correlated 
with variations in the over-all functional activity of the gland. 


SUMMARY 


1, The chemical composition of the adrenal cortex regenerating after 
enucleation has been studied in the period between 15 days and 3 months after 
the operation. 
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2. The determinations included total and protein N, DNA and RNA, acid- 
soluble P, lipid P and residual (protein) P, free and ester cholesterol, total fatty 
acids, ascorbic acid and the activities of cytochrome oxidase, acid and alkaline 
phosphatase and £-glucuronidase. The results are expressed on the basis of wet 
weight, nuclear counts and as a percentage of the total content or activity of 
normal adrenal glands. 

3. The restoration of adrenal weight, cell number and of all the components 
determined, with the exception of acid-soluble P, was incomplete. 

4, The size of the average cell and the content per cell of many constituents, 
including DNA, were much greater than normal during most of the experi- 
mental period, with a maximum at 15 days, followed by a decline to normal 
values after 3 months. 

5. The interpretation of these findings is discussed. 


The authors wish to express their thanks to Professor E. Puccinelli for advice and interest in 
this work, to Miss Franca Dell’ Aiuto for skilled technical assistance in the first stages of the work 
and to Professor P. Niccolini and Dr L. Mazzanti, of the Department of Pharmacology of this 
University, for kindly allowing the use of their Beckman spectrophotometer. They are also 
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A METHOD FOR RECORDING RESTING AND ACTION 
POTENTIALS IN THE ISOLATED MYELINATED 
NERVE FIBRE OF THE FROG 
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The resting and action potentials of the myelinated fibre membrane have been 
measured by three essentially different techniques. 

(1) Huxley & Staémpfli (1951) recorded the longitudinal current across a seal 
on an internode separating a normal node from one depolarized with KCl, and 
applied a potential that made the longitudinal current zero at the moment of 
measurement. Then the applied potential is equal to the membrane potential 
at that instant. The resting potential and the peak of the action potential were 
measured. 


(2) The potentials were recorded with the intracellular microelectrode — 


technique (Tasaki, 1952; Woodbury, 1952). The fibres, however, do not well 
survive the damage caused by the electrode. 

(3) Stampfli (1954) and Tasaki & Frank (1955) made the external recording 
resistance of the internode as high as possible, and recorded the potential 
across it during the flow of the longitudinal current. Stampfli obtained the 
high recording resistance by keeping the internode at which the voltage is 
recorded in a sucrose solution with high specific resistance. Tasaki & Frank 
recorded the voltage across an air gap covering a large part of an internode. 
This still did not provide a high enough recording resistance, so the exposed 
internode was dried by blowing air on it. These techniques suffer from the 
disadvantage that even if the input capacity of the amplifier is small there is 
liable to be serious attenuation of the high-frequency components of the response. 
Tasaki & Frank used a moderate amount of capacitive positive feedback to the 
input circuit in order to overcome this difficulty. 

In the present investigation a technique is described in which the longi- 
tudinal current in one internode is recorded with an amplifier (voltage gain 
about 1000) and the full output from the amplifier is fed back to the fibre at 
the same internode using a negative series feedback. The output signal is 
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observed on an oscilloscope, and represents about 99 % of the actual membrane 
potential change. A recording system is obtained which has high input 
impedance (5000-30,000 MQ, including the fluid shunt at the recording seal) 
and which is reasonably independent of stray capacities between the input and 
earth. The whole fibre is immersed in a large amount of Ringer’s solution 
except at three petroleum jelly seals at internodes where only a thin film of 
Ringer’s solution covers the fibre. 

In this paper, the method is used to measure the thresholds, action potentials 
and resting potentials of fibres in ordinary Ringer’s solution. In a later paper 
the method is used to investigate the effect of the external calcium concentra- 
tion on the threshold and the action potential. 


METHODS 
The investigation was made on‘ isolated single nerve fibres of the frog (Rana esculenta). The 
dissection technique described by Huxley & Stampfli (1949) was used with some minor changes: 
the nerve was cut free from the gastrocnemius muscle, and the dissection was made somewhat 
higher up on the sciatic trunk in order to keep more than 1 cm of intact fibre on either side of the 
dissected part. The Ringer’s solution used had the following composition: 


g/l. mM 
NaCl 6-47 110-5 
KCl 2-5 
1-08 
NaHivO, 0-200 2-4 
Al 
+ Out In , 
@ 
E | A | Cc 
No 
CRT 


Fig. 1. Arrangement for recording and stimulation. External resistance made high with petroleum 
jelly seals at shaded regions; seals H—-A and A-B are about 0-2 mm wide, seal B-C about 
0-5 mm; about 0-5 mm free solution between seals. Al is feedback amplifier, input across 
seal B~C, output across seal A—B. Conventional d.c. amplifier with cathode follower input 
records potential V4g. Nodes marked N_, to N,,. Stimulator output impedance 5009. 


Technique for recording the membrane action potential 
The isolated fibre was mounted and sealed with a petroleum jelly mixture in a Perspex cell with 
three partitions (Fig. 1). The potential across seal B-C was recorded through cathode followers 
(grid current <10-" A, input capacity <4 pF) with amplifier Al. This amplifier is a two-stage 
differential d.c. amplifier with a voltage gain of somewhat more than 1000 (single-sided output). 
The output from the amplifier is through a cathode follower. The output level is at earth potential 
with no input signal, and can be trimmed with balance controls. The potential from the output 
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cathode follower relative to the earth potential was applied across the seal between A and B. This 
completes a negative feedback loop, where the fibre forms part of it. The changes in membrane 
potential were recorded as the potential developed across the seal between A and B. This potential 
change is very nearly the same (98-99-5 %) as the potential across the membrane at the node N,. 
A stimulating pulse is applied between earth and the (Ringer) pool Z. 

This recording technique needs some further comment. The feedback used is negative series 
feedback. Characteristics of the system are: (1) that the input impedance of the recording system 
is very high; (2) that the output signal is to a large extent independent of the gain in the feedback 
amplifier (provided that the gain is large); and (3) that the output signal approaches the input 
signal in amplitude and time course. These points will be clear if we consider the potentials 
developed in the system in Fig. 2. 


Al 


D 
Fig. 2. Simplified diagram showing feedback amplifier system used; see text. 


Vgc is the potential across Zc (corresponding to the resistance across the seal between B and 
C, Fig. 1). 

V ap is the potential across Z,4p (seal between A and B, Fig. 1). 

Vop is the potential across Zcp (internal longitudinal resistance between N, and N,,, plus 
transverse resistance at node N,,). 

Vac is the potential between points A and C across Z,,, (amplifier system input impedance). 

a is the voltage gain from the input to the output of the amplifier Al. 


Vac = Vac Vas. 


Since a is the voltage gain 
Vap~=ax Vgc. 
From these it follows that 4 
V 
(1) 
and the potential at the input of the amplifier 
ax Vac 
Vac a+l 
The current through the system is 
Vac _ Vac 
Zin 
whence the amplifier system input impedance is obtained as 
Zin = Zpc (a +1). (2) 


Taking series impedance Zcp into account it follows that 


Z 
Vac = Vin (3) 
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where V,, is the input signal (Fig. 2), Inserting V4c into (1), 


VaB=Vin Zep +(a+1) x Zgc’ (4) 


which gives the recorded signal in terms of input signal V,,,, recording seal impedance Zgc, series 
impedance Zcp and amplification a. 

When point B in Fig. 2 is connected to earth it follows that points D and C are essentially kept 
at constant potentials to earth, and a very large proportion of the input potential V,,, is developed 
between points A and B across a low impedance. Since point C is kept by the feedback at a nearly 
constant potential relative to earth, the effect of stray capacities from point C to earth is almost 
negligible (this is not the case if point A is kept at earth potential). 

Let us compare this schematic diagram with the situation in the experiment on the myelinated 
fibre. Point D (Fig. 2) is a point inside the axis cylinder close to the node N, in Fig. 1. Points A, 
B and C in Fig. 2 correspond to the external fluid in (Ringer) pools A, B and C in Fig. 1. V,,, is 
the potential change produced across the membrane of node N,. Zcp is the series impedance from 
a point inside the fibre at node N, to the external fluid in pool C; this consists of the internal 
internodal resistance connected in series with the resistance ‘looking into the fibre’ at node N,,. 
According to Tasaki’s (1955) figures the order of size for this impedance in the resting fibres would 
be 60 MQ. Zac, the amplifier input impedance without feedback, is mainly determined by the 
amount of external fluid round the fibre in seal B—C; the order of size in these experiments was 
5-30 MQ. Since the voltage gain (a) of the amplifier is about 1000, the series impedance (Zcp) 
about 60 MQ, and the impedance Zgc 5-30 MQ it follows from equation (4) that the recorded 
potential change is 98-7—99-7 % of the change in membrane potential. Attenuation due to the leak 
in the myelin sheath between A and B has here been neglected since this affects the recorded 
potential to a negligible extent. It may be pointed out that the input impedance of the system is 
high, 5000-30,000 MQ (equation 2). 

Before the system was applied to an isolated fibre it was tested rather thoroughly on a dummy 
nerve made from resistors and capacitors of appropriate size, and was found to work satisfactorily 
according to the principles given, over the frequency band necessary (from 0 to 30 ke/s). It should 
be pointed out that an unsuitable phase lag in the amplifier at the higher frequencies results in 
positive feedback and oscillatory behaviour of the system. This point had to be considered and 
appropriate adjustments made. 

Since the input impedance is so high some screening of the preparation is necessary, otherwise 
the nerve is destroyed by the large potentials built up by electrostatic charge. Screening of the 
preparation is a simple task, since even large stray capacities to earth do not interfere with the 
necessary high-frequency response of the system. 

Since the axis cylinder at node N, is kept at a constant potential relative to earth it follows that 
during activity in node N, there is almost no current spread within the fibre in either direction 
away from the node if the external fluid in pool # (Fig. 1) is connected to earth through a low 
impedance. A rectangular pulse from a low impedance stimulator injects, therefore, a current 
pulse into the node, which is rectangular except for a short overshoot in the beginning. It follows 
from this that node NV, can be stimulated by such a current pulse (cathodal for NV, when pool £ is 
made positive), but activity in this node does not activate any other part of the fibre even if the 
neighbouring nodes are fully excitable and in good condition. If an impulse approaches from the 
left-hand side of the fibre then the unique situation arises that the membrane action potential of 
the left-hand node N_, injects through the internode a current, which is proportional to the N_, 
action potential, into the active node N,. This current produces an additional potential drop 
across the active membrane of N, and a very large ‘action potential’ is recorded (about 140 mV), 
indicating that the resistance of the active node would be about 6 MM at the peak of the action 
potential, taking 30 MQ as the longitudinal internodal resistance. 
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RESULTS 


The dissected fibre was mounted in the recording cell as previously described. 
The electrodes were placed in the appropriate ‘Ringer’ pools while the gain 
control of the feedback amplifier was turned down. The output level of the 
amplifier was adjusted to earth potential levei with the balance controls. The 
gain control was slowly turned up so that the full output from the amplifier 
was fed back to the preparation (Fig. 1). The output of the d.c. amplifier 
recording the potential V,, was watched continuously, to see that no undesir- 
able potential was developed. If the resistance at seal B-C, which determines 


Fig. 3. Upper record taken with low external resistance at seal B-C, <0-5 MQ; lower record, 
shunt removed, seal resistance >5 MQ; each record about six superimposed sweeps, taken 
at 1/sec: calibration 100 mV, time 10 kc/s. Note some instability and somewhat decreased 
noise at higher frequencies in upper record. Room temperature 17-20° C, in this and all 
other experiments. Rectangular pulse indicates stimulus, both stimuli cathodal for node NV, 
(stimulus recording polarity reversed in lower record). 


the recording resistance of the feedback amplifier, is only a few hundred kQ, 
then the feedback amplifier is rather unstable; if the seal is short-circuited 
with a large amount of fluid then the amplifier oscillates when the circuit is 
closed. The large size (about 20 V) of the fully grown oscillations destroys the 
fibre immediately. This happened once when the fluid suddenly short-circuited 
the seal. When the seal resistance is high (5-30 MQ) then the system is stable 
and needs very little attention and few adjustments (Fig. 3); the amplifier 
drift (in the output) is then only a few mV in 5-10 min. The behaviour of the 
amplifier system connected to the nerve agrees well with the observations 
made on the dummy nerve. 

From the argument on p. 553 it follows that the current flowing in the 
internode N_, to N, (Fig. 1) is proportional to the potential difference between 
the stimulating electrode and the earth electrode, and that this current is 


course O 


indepen 
true 
membre 
membre 
of these 
with as 
| current 
Ny. 
(cathod 
the re 
cocaini 
| | Fig. 4. T 
q or 
A rec 
4 and the 
| the met 
internoc 
interno 
(about ( 
records 
| from se 
experi 
(1955) f 
capacity 
(41 x 10 
Whe ‘ 
action 
Spread 
nodes a 
develo 
| the mo 


NODAL MEMBRANE POTENTIALS 555 


independent of any changes in membrane potential at node N,. This is strictly 
true only if the current path from the stimulating electrode to the axis 
cylinder at node Ny is ohmic. In series with the ohmic axis cylinder is the 
membrane of node N_, and part of the fibre to the left. Both the nodal 
membrane and the myelin sheath have partly capacitive properties. The effect 
of these capacities is a small brief overshoot when the potential is changed 
with a sudden step. Any ‘activity’ in node N_, causes evidently a change in 
current which is proportional to the change in membrane potential at node 
N_,. Because of this node N_, must be kept cocainized if large anodal 
(cathodal for node N_,) pulses are used. In their amplitude and time course, 
the recorded potential changes are independent of whether node N_, is 
cocainized or not, if cathodal pulses or small anodal pulses are used. 


“ese  c-# @ @@ eee 


Fig. 4. Time course of membrane potential change in two experiments when a long anodal (left) 
or cathodal (right) pulse is applied; both pulses less than threshold; time 10 kc/s. 


A rectangular pulse of long duration and well below threshold was applied 
and the potential developed across the membrane of N, recorded. The time 
course of the recorded potential is determined by the membrane resistance and 
the membrane capacitance of node N, only, since no current flows in the 
internode on the right-hand side of node N, and a constant current in the 
internode to the left (see p. 553). To be strict, a short segment of myelin sheath 
(about 0-5 mm) is connected in parallel with the nodal membrane. Potential 
records of this type are given in Fig. 4. Membrane time constants obtained 
from semi-logarithmic plots of records similar to Fig. 4 in three consecutive 
experiments were 162, 84 and 98 psec. The figures agree well with Tasaki’s 
(1955) figures for the nodal capacitance of 1-5 x 10-! F (or 2-3 x 10-#* F if the 
capacity of 0-5 mm myelin sheath is included) and for the nodal resistance 
(41 x 10° Q), which were obtained with a different technique. 

When the amplitude of the cathodal stimulating pulse was increased an 
action potential was developed (Fig. 5). Activity in node Ny produces no 
spread of current in either of the internodes to the neighbouring nodes (see 
p. 553) since the axis cylinder at node N, and the outside fluid of the other 
nodes are kept at a constant potential. Therefore the action potential is 
developed at node N, only and no cocainization is necessary in order to obtain 
the monophasic action potential. That the other nodes were excitable and in 
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good condition was tested with a reduced amount of feedback. The gain just 
necessary to prevent activity in node N_, and N,, was 0-02-0:1 times the 
maximum gain, depending on the resistance at seal B—C (Fig. 1). This provides 
further support for the local circuit theory, since the system provides in effect 
a high external resistance (e.g. Tasaki & Frank, 1955). The thresholds and 
action potential amplitudes were measured on records (similar to those in 
Fig. 5) projected on graph paper. Values for such measurements in two groups 
of consecutive experiments (one in February and one in May) on eleven fibres 
in ordinary Ringer’s solution are given in Table 1. 


Fig. 5. Action potentials in two fibres elicited by short pulse (above) or long just-threshold 
pulse (below). Pulse indicated on upper beam; calibration line 100 mV; resting potential not 
determined; time 10 ke/s. 


TABLE 1 
Action 
Date of potential ization tial 
experiment (mV) (mV) (mV) 

3. ii. 56 104 27 — 

9. ii. 56 110 — ment 
20. ii. 56 115 19 a 
21. ii. 56 114 21 —_— 
22. ii. 56 124 15 — 
14. v. 56 89 _— 56 
15. v 56 94 — 56 
17, v. 56 95 61 
23. v. 56 108 _— 63 
25. v. 56 60 


The resting membrane potential was measured in the following manner. The 
feedback amplifier was balanced in the ordinary way while the whole nerve 
was in ordinary Ringer’s solution. The feedback circuit was opened leaving 
the balance set. The Ringer’s solution at node N, was replaced by isotonic KCl 
solution. The feedback circuit was closed and the potential developed across 

seal A—B (Fig. 1) was measured. Here again the whole of the axis cylinder is 
kept by the feedback system at a constant potential and the change in mem- 
brane potential appears as a change in potential between the fluid outside node 
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N, and the rest of the external fluid. Since the axis cylinder in the whole 
recording region remains at a constant potential, no current flows in the fibre 
and therefore the depolarized node N, is not polarized by the neighbouring 
nodes V_, and N,, which have a normal resting potential. 

Values for the resting potential in five fibres in consecutive experiments are 
given in Table 1. 

DISCUSSION 
The method described here for recording the membrane potentials of myelinated 
nerve fibres has great similarities with the method developed by Huxley & 
Stampfli (1951). A potential is applied across a seal at one internode such that 
no longitudinal current flows in the internode as controlled at a second seal at 
the same internode. What Huxley & Stampfli controlled manually is controlled 
by the feedback amplifier in the system described here. 

It was shown on p. 553 that the input impedance of the feedback system is 
about 5000-—30,000 MQ, including the fluid shunts at the seals. The internodal 
resistance is about 30 MQ and the nodal! resistance about 40 MQ (Tasaki, 1955; 
Tasaki & Frank, 1955). Attenuation of the action potential is therefore 
negligible and no correction has been made for this attenuation. 

When the fibre has been correctly mounted so that it is not continuously 
stretched, and if the feedback circuit is interrupted whenever the preparation 
is manipulated, the technique seems to damage the preparation very little, 
since action potentials of over 110 mV have been recorded for more than five 
hours. However, if anything goes wrong with the amplifier, then the fibre is as 
a rule destroyed. 

Huxley & Stampfli (1951) recorded the peak amplitude of the membrane 
action potential as 116 mV. The figures obtained in the experiments in February 
agree satisfactorily with this. The experiments from the May group were done 
on frogs that had been kept in the laboratory through the winter, and were not 
in very good condition. Some of these fibres ‘ran down’ more quickly than 
those of the February experiments, so these figures must be regarded as low. 
Tasaki & Frank (1955) obtained a mean value for the action potential of 
100-7 mV. Their technique seems, however, to strain the fibres appreciably 
since only ten fibres out of twenty-two ‘survived the preparation stage and 
yielded apparently significant values of action potential’. The figures given in 
Table 1 are from two groups of consecutive experiments. With the present 
technique there are two possible ways in which an action potential of arti- 
ficially increased amplitude might be recorded; (1) if the feedback amplifier is 
out of balance so that the node N, is hyperpolarized ; (2) if node N_, is activated 
simultaneously (see p. 553) so that a current proportional to the action poten- 
tial in N_, is injected through the active membrane of node Ny. Both possi- 
bilities are easy to exclude. (1) The balance of the amplifier has been checked 
toabout 2mV. (2) Cocainization of node N_, does not change the amplitude of 
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the action potential. An artificially decreased action potential would be 
recorded if (1) the seal B—C in Fig. 1 has too low resistance, or (2) if the fibre is 
damaged: The first point does not constitute a serious drawback to the tech- 
nique, since the amplification and the amount of feedback in the system are so 
large that the recorded amplitude would only be decreased by a small percentage 
for a considerable shunt, which would be clearly visible through the microscope 
as a flooding of the chamber. The second point, that of fibre damage, is 
inherently more difficult to judge. Two of the fibres which were experimented 
with in May (Table 1, experiments on 14. v. 56 and 25. v. 56) are held to have 
suffered damage during dissection and mounting since (1) these fibres ‘ran 
down’ appreciably during one hour’s recording on them, the action potential 
decreasing by some 10 mV, (2) microscopical inspection of the fibres raised the 
suspicion that they had been damaged. 

Tasaki & Frank (1955) recorded a resting potential of 20-50 mV. ‘Even 
when the d.c. change was only 20 mV the action potential was close to 100 mV.’ 
They concluded that ‘the variation in d.c. potential must be due to a potential 
in series with the membrane potential which does not affect the measured 
action potential’. It may be pointed out that the d.c. potential was measured 
by recording the shift in potential when KCl was applied to the node nezt to that 
at which the action potential was recorded and thus at a node ‘in series’ with 
the active node. In the present experiments the recorded resting potential was 
about 60 mV (Table 1), a figure which is about 10 mV lower than the resting 
potential of 71 mV obtained by Huxley & Stampfli (1951). Taking into account 
that the resting potential was measured only on fibres which had a relatively 
small action potential, about 100 mV, it seems possible that fibres with an 
action potential of about 115 mV would have a resting potential of about 
70 mV. The figures therefore seem to be in agreement with each other. 

In conclusion it may be said that the main advantage of the method here 
described for measuring membrane potentials on myelinated nerve fibres is 
that a recording instrument is obtained which has an extremely high input 
impedance (5000-30,000 MQ) so that attenuation due to shunts can be 
neglected, and yet has a flat frequency-response over the full range necessary 
for recording action potentials (tested from d.c. to 30 ke/s). 


SUMMARY 

1. A method for recording membrane action and resting potentials with 
external electrodes on the myelinated frog fibre is described and discussed. 
A single internode passes through two petroleum jelly seals. The input of an 
amplifier is connected across one of these seals, and its full output is applied as 
negative series feedback across the other seal. Longitudinal current flow, due 
to activation or depolarization of an adjacent node, is thus prevented. The 
time course and magnitude of the voltage developed to oppose it are recorded 


by a sec 
potentie 
9. Th 
q | and 89- 
Th 
| when th 
| 4, Th 
Hvux.ey, 
nerve 
actior 
STAMPFLI 
| Exp 
TaSakl, 
exam 
Tasaxkt, I 
| the n 
Tasakt, I 
| WoopsBut 
| nerve 


NODAL MEMBRANE POTENTIALS 559 


by a second amplifier connected across the feedback amplifier’s output. The 
potential thus recorded is about 99% of the actual membrane potential. 

2. The recorded membrane action potential was 104-124 mV in February 
and 89-108 mV in May. 


8. The membrane resting potential was 56-63 mV in May (potential change 
when the node is depolarized by isotonic KCl). 
4. The results are discussed in relation to previous findings. 
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THE EXCHANGE OF FROG MUSCLE Nat AND K*t IN THE 
PRESENCE OF THE ANIONS Br, NO,, I- AND CNS- 


By C. EDWARDS, E. J. HARRIS anpj KEICA NISHIE* 
From the Department of Biophysics, University College London 


(Received 4 September 1956) 


Replacement of part or all of the Cl- of a saline mixture bathing a frog muscle 
by another anion can have a considerable effect on the mechanical response to 
stimulation. Br~, NO; and I~ all increase the twitch tension by increasing the 
duration of the active state of the muscle (Kahn & Sandow, 1950; Hill & 
Macpherson, 1954; Ritchie, 1954). We thought it possible that the effect would 
be reflected in a change of permeability towards one or both of the major 
cations, Na* and K*. This might either be induced permanently so that it 
would hold in the resting state and be revealed by use of the usual tracer 
methods, or it might only hold during the action potential. The results 
presented here are concerned with the resting state: the ions have either no 
effect or a somewhat poisonous action as judged by there being a slowing of 
Na* turnover and an accelerated rate of K* loss. The result is surprising in 
view of the recent demonstration of an increase of membrane time constant in 
presence of the ions (Hutter & Padsha, 1956). 


METHODS 

Frog sartorius muscles (40-60 mg) were used in the kinetic experiments. Analyses were performed 
on sartorius, semitendinosus and iliofibularis muscles. Measurements of the rate of output of 
Na or K were made on muscles which had first been loaded by exposure to a saline mixture 
(composition, mm: Na* 120, K* 2, Mg** 1, Ca** 1, Cl- 96, HOO; 30) with a proportion of the Na* 
or K* labelled with radioactive isotope. The saline mixture was bubbled with 95% 0, +5% CO,. 

The tracer output to each of a series of samples of ordinary saline or test solution, in which the 
loaded sample was successively immersed for measured times, was assayed with a Geiger tube and 
scaler. The duration of the immersion periods, as well as the volume of fluid used, was adjusted so 
that the quantity of tracer collected was small compared with the amount of inactive material in 
the sample, but was conveniently measurable. The solution to be tested was applied for three 
successive periods, each of about 20 min, which were started after sufficient time had elapsed 
to permit an estimate to be made of the rate in normal solution. Such delay is necessary because 
there are depots of more easily exchanged material in the case of both ions. 


* Present address: Inst. de Biophysica, Rio de Janeiro, Brazil. 
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The uptake of tracer K* was followed by taking readings of the radioactivity of the muscle at 
ntervals during exposure to a saline mixture made up with a proportion of labelled K*, Before 
each reading a wash of 1 min was given to remove the adhering fluid (cf. Harris, 1953). The 
muscle at the end of the tracer experiments was dissolved in acid and the solution used for assay 
of the radioactivity and analysis. The analytical experiments were made by exposing muscles to a 
test or control solution and then extracting the cations with hot distilled water. The extract was 
filtered to remove particles of protein and analysed with a flame photometer. The water extraction 
method has the advantage over the acid method that a part of the sodium which is not readily 
exchangeable is left in the tissue residue (Harris & Steinbach, 1956). 

The flame photometer readings at the levels of Na* and K* being analysed were reproducible to 
within 2 parts in 100. 
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Fig. 1. Ratios of the amounts of tracer Na* liberated from loaded muscles to the mean tissue 
activity during successive periods calculated for a standard 20 min period. The intervals 
during which foreign anions were applied are marked; the vertical lines show + the s.p. of 
the measurement of radioactivity. 


RESULTS 


Sodium exchange 
The time course of the output of tracer Na* from a loaded muscle can be 
described by summing (a) a fast fraction derived from the extracellular space, 
and (6) one or more slower fractions which are presumably associated with the 
cells (Harris, 1950). We are not concerned with (a) here. If the loss of extra- 
cellular sodium was uncomplicated by the presence of other fast-moving frac- 
tions, a period of 15 min would suffice to clear fraction (a). However, it does 
happen that additional sodium, belonging to the cellular fraction (6), can 
become confused with (a). This lengthens the time, during which no definite rate 
constant can be assigned to the exchange process, to 30-45 min. If exchange 
then proceeds at constant rate, the ratios: ‘radioactivity collected in a given 
period’/‘ geometric mean tissue activity during the period’ would be equal in 
equal periods. Experimental values of the ratios, usually obtained in periods 
of about 20 min, have been converted to equivalent values for exactly 20 min 
and are plotted in Fig. 1, together with an indication of the errors arising from 
the counting. Small errors in timing would contribute as much uncertainty as 
the statistical errors. Trials of a different anion during the progress of the 
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Nat exchange were made during three periods of about 20 min each. The 
absence of an immediate effect upon changing from normal to test solution 
and back to normal may be seen in Fig. 1. In some experiments there was a 
slow diminution in the rate of the Na* turnover; this may be seen in the upper 
curve following the period of application of 45 m-equiv/l. I-. Such slowing 


Tasix 1, Effett on rate constant for Na* output of substitution of 
various anions for Cl in the saline mixture. Temp. 18-20° C 


Ion tested of original 

Time of and concn. tracer Na* 

substituted Rate constants/hr; (see note) at change 

with tracer for _ A from test 

Expt. no (hr) (m-equiv/1.) Before During After to normal 
1 4 NO; 90 ll 0-8 0-8 — 
2 4 NO; 90 1-0 10 10 — 
3 18 NO; 90 0-6 0-6 —+0-5— 0-4 25 
4 ¢ Br- 90 1-6 16 0-8 2 
5 4 Br 90 1-25 1-25 10 —0-°75 10 
6 18 Bre 90 0-7 0-7 —+0-6—> 0-5 20 
7 2 ae 45 1-3 1:3 0-75 2 
18 45 0-55 0-55 0-55 
9 18 I- 45 1-3 13 13 — 

10 18 CNS- 45 1:3 1-4 1-4 becoming less 


Note. The Na* output often tends to become less rapid even in normal saline mixture. Rates 
have been taken from tangents when the plot was non-linear. The proportion of the original 
tracer Na in the (presumed) cellular depot at the end of the test period is given so as to show the 
relative importance of the final slower fraction when present. 


can indicate a slow poisoning of the process responsible for Na* turnover but 
it is also seen in normal solutions, particularly when long-loaded muscles are 
used (Harris, 1950). For comparative purposes, curves of the logarithm of 
the total tracer Na* in the muscle as function of time were reconstructed so 
that rate constants applying to the control and test periods could be evaluated. 
Values so obtained are summarized in Table 1. It will be noticed that muscles 
which have been soaked in the loading solution for longer times contain more 
Na*, and exchange it less rapidly, than muscles loaded for only a few hours. 
In neither case does the application of a foreign anion induce an immediate 
effect. A poisonous action of thiocyanate (45 m-equiv/l.) is indicated by con- 
tracture and net gain of Na* (see analytical section). 


Tracer potassium uptake 
Uptake of tracer K* from a mixture containing a proportion of the isotope 
was followed for 90-120 min, readings being taken at intervals of 15-20 min. 
The run was then continued in a fresh mixture containing the same proportion 
of K*, but with a different anion. In some cases a return to the original mixture 
was effected. The rates of uptake could be compared between the normal 
solution and test solution. 


If regarded as a first-order process the rate of uptake of K* is faster in the 
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however, does not detract from the value of the tracer output as an indicator 
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initial 40 min than later (Harris, 1953; Carey & Conway, 1954). After 40 min 
the rate becomes fairly constant. Tangents drawn to the curves just before 
and just after the change from solution 1 to solution 2 should reveal any large 
effect resulting from the alteration in composition of the medium. The results 
are collected in Table 2. In some cases a set of consistent uptake rates is found, 
in others there is a gradual slowing of uptake throughout. This cannot be 
attributed specifically to the treatment with the foreign anion because such 


Tas.e 2. Effect of substitution of various anions for Cl- upon the rates of uptake of tracer K*. 
Temp. 18-20° C; external K* conen. 2 m-equiv/1. 


Uptake rate as % total K* replaced/hr 


First period '- Seeond period Third period 
Ton and Ton and Ton and 
concn. concen. concen. 

Expt. (m-equiv/l.) Rate (m-equiv/l.) Rate (m-equiv/l.) Rate 
Cl- 90 4-7 NO; 90 47 — 
2 Cl- 90 5-1 NO; 90 5-1 Cl- 90 5-1 
3 Br~ 90 56>46 Cr 4-0 — 
4 Cl- 90 59+46 Br 90 3-5 — wad 
5 Cl- 90 46+40 Br 9 3-5 Cl- 90 3-5 
6 Cl- 90 6-9 See 6-9 Cl- 90 6-9 
7 Cl- 90 6-5 6-5 — 
8 Cl- 90 4-6 OCNS- 45 4-0 - 90 zero* 

* Net K loss. 


slowing may be seen even in normal solution in the first period of Expts. 3 
and 4 (cf. Fig. 1 of Harris (1953) for runs in normal saline throughout). In 
Expts. 3 and 4 there is further slowing in the second period irrespective of 
whether the run started in normal (Expt. 4) or Br~ solution (Expt. 3). There 
is no acceleration on changing from Br~- to normal in either Expt. 3 or 5. One 
may conclude that the anions have little effect on the rate of K* uptake. 
Use of 45 m-equiv/l. CNS- leads to poisoning: the uptake ceases after a delay 
of about 40 min in Expt. 8. 


Output of tracer potassium from loaded muscles 

The quantities of tracer K* given up by a loaded muscle to successive 
portions of solution were measured over a total time of 2-5 hr. The test solution 
was used for each of three periods between 100 and 160 min. The ratio of the 
amount collected in a 20 min period to the geometric mean of the tissue activity 
at the beginning and end of the period gives a measure of the rate of K* 
output. The value has no precise significance because the tracer is not uni- 
formly mixed in the body of the tissue (Harris & Steimbach, 1956). This, 


of changes in K* output. 
The results are collected in Table 3. In the iodide (45 m-equiv/l.) and 
sometimes in the bromide solution the K* output is accelerated by 20-30%. 
Application of 12 m-equiv/l. CNS- causes a transient increase of K* output. 
36 PHYSIO. CXXXV 
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TaBiE 3. Relative values of the rates at which tracer K* is given up by loaded muscles to portions 
of solution, either normal or containing a foreign anion. Rates are calculated as (amount 
radioactivity leaving during 20 min)/(geometric mean of tissue activity during 20 min). Temp. 
18-20° C. The s.p. of the figures, including statistical error of counting and an uncertainty of 


5 sec in 20 min in timing, amounts to 0-0055. The first one or two values are omitted 


Ion and 
concn, 
Expt. (m-equiv/1.) 
l Br 90 
2° Bee 
3 Bre 90 
4 NO; 90 
5 NO; 90 
6 NO; 90 
7 I- 45 
8 45 
9 45 
10. ‘CNS- 2 


Tasux 4. Analyses of paired muscles after soaking in test or control solution for 2 hr at 18-20° C. 
Anions were substituted for their equivalent of chloride; tests were made on sets of three 


Control solution 
ratios 


0.065, 0-061, 0-057, 0-057 
0-085 0-085 


Cations in test muscle Cations in control muscle 


Test solution 
ratios 


0-068, 0-075, 0-071 


muscles from one frog 
Anion tested m-equiv/kg wet tissue 
and concn. A 
Muscle (m-equiv/1.) Na* K* 
Sartorius NO; 90 7175 
Semi- 32:8 70-2 
Tliofibularis 33-5 69-5 
Sartorius Br- 90 34-5 80-5 
Semi- 68-6 
_liofibularis 69-7 
Sartorius ae 44-6 68-0 
Semi- 68-2 
lliofibularis 61-3 
Sartorius CNS- 56-1* 60-3* 
Semi-tendinosus 61-8* 45-5* 
lliofibularis 59-6* 53-2* 
Sartorius CNS- 12 41-7 
Semi-tendinosus 78-0 
Tliofibularis 


It is difficult to use tracer Na* to measure the rate of Na uptake because the 
large proportion of extracellular Na interferes. It seems more satisfactory to 
deduce the rate of association of Na* with the tissue from the combination of 
(a) rate of loss of tracer from a loaded muscle with (b) the Na* content: 
if (a) does not change, then (b) gives an indication of uptake. From (a) and (b) 

a quantitative estimate of uptake can be made if the proper division between 


Analytical results 


intra- and extracellular portions of Na is known. 


Analyses of paired muscles, one exposed to normal and the other to test 
solution, are collected in Table 4. These show that the foreign anions NO; 


Control solution 


ratios 


m-equiv/kg wet tissue 

"Net Kt 
318 82-4 
32-1 78-1 
34-1 70-4 
33-3 793 
38-6 70-5 
27-3 69-7 
45-6 68-6 
48-1 67-3 
49-0 60-8 
35-0 88-6 
36-0 718 
40-2 75-4 
34-2 87:3 
35:1 80-5 
44-0 71-3 
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and Br- substituted for 90 m-equiv/l. of Cl-, or of I- substituted for 
45 m-equiv/l. of Cl-, do not cause an important change of Na~ content. 
K* contents are also unchanged with few exceptions. This serves as some 
confirmation of the Na* results because usually the sum of K+ and Nat 
contents of the muscle is the same in the individuals of a pair. 

Exposure to the 45 m-equiv/l. thiocyanate mixture for an hour led to 
contracture. Langley (1916) notes that thiocyanate applied to a sartorius 
causes it to curl up. The analyses show that the muscle has lost K* and 
gained Na*. Smaller changes in the same direction result from exposure to 
12 m-equiv/l. CNS-. 

DISCUSSION 

The results show that anion changes have very little influence upon Na* 
turnover. Since part of the Na* exchange process seems to be taking place 
between a surface depot and the solution (Harris, 1950), it is perhaps not 
surprising that it should not be anion sensitive. The anions I-, NOZ and Br- 
have little or no influence on K* uptake and may slightly accelerate K* out- 
put. The small influence of these anions on both Na* and K* movements has 
been observed in kidney (Mudge, 1953). The CNS- ion acts as a poison as 
shown by the net loss of K* from the muscle cells. 

There is nothing to show that gross changes of ‘permeability’ in the resting 
membrane are induced by the anions, which affect the duration of the active 
state and increase the sensitivity of the muscle to chemical stimulation 
(Chao, 1934). The acceleration of K* output could well be attributed to a small 
reduction of resting potential as seen, for example, when nitrate was sub- 
stituted for chloride (Harris & Martins-Ferreira, 1955). The results gain 
interest and importance when account is taken of the additional fact that the 
membrane time constant is prolonged (by a factor of 2 or more) by the anions 
(demonstrated by Hutter & Padsha, 1956). If the changed time constant 
reflects a reduced conductance, one might have expected a reduced rate of 
K* turnover. An example of the two quantities changing together has been 
reported by Harris & Nicholls (1955) studying the effect of denervation. As 
we do not find a reduced cation turnover in presence of the anions one must 
seek an explanation of the effect on the time constant elsewhere. 

One possibility can be based on (i) our observation that there is generally 
some slight increase in the rate of K* output following the change to a foreign 
anion, and (ii) the order of effectiveness of the anions as judged by the tests 
of Chao (1934) is that of the lyotropic series. Since an ion higher in the series 
has a greater dispersing action on hydrophilic colloids (Héber, 1945), and this 
initially must be restricted to the surface of the fibres, one may suppose that 
the anions disturb the structure of the fibre surface. If the surface contains 
normally a complement of K* ions held at the sites of negative charges, then 
the foreign anion may cause a loss of some adsorbed K*. This could be the 
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origin of the increased rate of tracer output. The loss of K* from the protein 
structure will leave a region with fewer K* ions to carry current and higher 
resistance. It is perhaps well to stress that the hypothesis involves only the 
peripheral part of the fibres, so the penetrating powers of the anions as shown 
by changes of resistance will not necessarily follow the order of their ease of 
penetration into the interior of the cell. 


SUMMARY 
1. The rates of tracer Na* exchange and K* uptake and output by frog 
sartorii have been compared between a saline mixture containing 90 m-equiv/l. 
Cl- and mixtures in which the Cl- was replaced fully by NO; or Br-, or partly 
by I- or CNS-. 
2. Analyses were made of paired muscles after immersion in the various 
solutions. 


3. Nitrate, bromide and iodide have no immediate effects on Na* turnover or - 


on tracer K* uptake. The output of K* is increased by I-, and sometimes by Br-. 
4. Thiocyanate is more poisonous than the other ions; it inhibits K* uptake, 
after a delay. 
5. The small effect on ion movements is in contrast to the effect of the 
anions on mechanical response and electrical properties of the membrane. 


Part of the expenses of the work were met by a grant from the Government Grants Committee 
of the Royal Society. One of us was in receipt of a grant for scientific assistance from the Medical 
Research Council. 
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FACTORS INFLUENCING THE SODIUM MOVEMENT IN FROG 
MUSCLE WITH A DISCUSSION OF THE MECHANISM OF 
SODIUM MOVEMENT 


By C. EDWARDS anp E. J. HARRIS 
From the Department of Biophysics, University College London 
(Received 2 November 1956) 


Cation exchange between frog muscle and the surrounding medium goes on 
continually; under suitable conditions all of the K and most of the Na can be 
replaced with tracer ions. The idea that ion movement takes place in three 
steps, the first being equilibration of:the extracellular space, with which this 
paper is not concerned, followed by movements (a) between extracellular 
fluid and a surface depot, and (6) between surface depot and the cell interior, 
has been proposed to explain the faster and slower components seen in tracer 
Na exchange (Harris, 1950), and is implicit in Carey & Conway’s (1954) 
explanation of a rapidly exchanged fraction of the tissue K; these authors 
propose that some K is situated along with much of the Na ina ‘special region’, 
and later (Conway & Carey, 1955) it was argued that this region is the 
sarcolemma. 

It is conceivable that when an ion strikes a suitable place on the surface it 
may be retained for a time; then it moves either back into the solution, or 
further into the cell. Direct movement from solution into cell interior as a 
result of a sufficiently violent collision can be regarded as a special case where 
the ion has ‘zero life’ on the surface. The general case applying to movements 
in both inward and outward directions involves (a) a sorption, or ion exchange, 
step between solution and surface, and (6) internal movement including passage 
through the membrane (Fig. 1). 

So far as the K ion is concerned the ions exist in such large amounts in the 
muscle tissue that the majority must be accommodated in the cell interior, 
although a small proportion is likely to be in the membrane, if only because 
the ions must pass through it to reach the interior. Sodium presents a different 
case because its smaller amount makes the accommodation of a large propor- 
tion near the membrane a possibility. Conway & Carey (1955) dispose of 
- m-equiv Na/kg tissue in the sarcolemma, leaving 2-5 m-equiv/kg inside 

cells. 
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The rate of the sorption step (a) is not necessarily related to the rate of 
internal movement (b). When the process (a) is fast compared to that of (5), as 
is perhaps the case in Na-rich muscles, the tracer Na output shows a fast 
component, due to emptying of the outer depot, and a slower component, 
ascribable to movement from the interior (Harris, 1950). When process (b) is 
faster than (a), as may hold for the Na of fresh muscles, all the ion exchange 
takes place with a single rate constant which is a definite fraction of the rate of 
process (a). 


A} B 


K 


Fig. 1. Scheme for Na movements. The outer depot A contains Na which exchanges with external 
Na. The inner depot B contains mainly K, but some Na can enter or leave itin exchange for 
K. K exchange between exterior and depot B presumably takes place via depot A. 


Since we are discussing a mechanism involving two depots for Na and K, 
and two kinds of movement, namely surface exchange and internal transfer, 
there are many variables. One can envisage for the surface turnover either 
an ion exchange similar to that on a resin, or sorption on chemically labile 


groups. The former mechanism would require that ions should be available | 


for exchange with the adsorbed ones, and would be relatively insensitive to 
temperature changes (for example Davies (1954) gave figures corresponding to 
a Q,, of 1-12 for a resin exchange). A strong adsorption on a resin with con- 
sequent high Q,_ would not be consistent with a high rate of turnover because 
thermal energy would not suffice to detach the ions. Sorption on groups which 
continually appear and disappear as a result of metabolism provides a way by 
which stronger adsorption and greater temperature sensitivity could be com- 
bined with high turnover. The mechanism could also conceivably lead to 
release of the cations along with fragments of the adsorbing groups under 
special conditions. For example: Na is as readily lost from a fresh muscle to 
sugar or to water as to a saline solution (Harris & Steinbach, 1956), although 
in the first two media phosphate groups are released with the cation, while in 
the last there is an exchange of cation with little accompanying anion release. 
A possible source of anionic groups is the phosphate combined in the muscle 
tissue. If amide or ester linkages are hydrolysed, the acid group will provide 
@ negative site for cation adsorption. When the acid group becomes re- 
combined the adsorbing site will disappear with release of the cation. 
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We have tried to elucidate the mechanism of Na movement in frog muscle 
by applying agents and treatments which modify the rate. In the first section 
the influence of temperature and K concentration is described. In the next 
section the effect of the drug strophanthin (which slows net Na and K move- 
ments (Matchett & Johnson, 1954)) upon tracer output is described. Finally 
the net changes of Na and K content caused by K-free solution and by stro- 
phantin are compared. 

METHODS 


Sartorii from Rana temporaria were used for the kinetic experiments. In the tests of the effect of 
strophanthin on the ion content the semitendinosus and iliofib@aris muscles were also used. The 
output of tracer Na was measured from muscles which had first been loaded with the tracer by 
immersion for several hours or during a night in a saline mixture made up with a radioactive Na 
prepared from the carbonate. 

The loaded muscle was lightly blotted and then passed through a series of small volumes of 
solution. The immersion times were adjusted to give convenient radioactivity levels for measure- 
ment. Tracer in the tissue was finally extracted in hot water, the extract being used for assay of 
radioactivity and for analysis. This procedure avoids the inclusion in the analysis of part of the 
inexchangeable Na which is probably associated with connective tissue (Harris & Steinbach, 1956). 

The saline mixture used in the experiment was usually NaCl 90 mm, NaHCO, 30 mm, CaCl, 1 mm, 
MgCl, 1 mm, KCl 2 mm or as stated. A gas mixture 95% O, + 5% CO, was bubbled into it during 
the experiments. 

The strophanthin used was the ‘g’ variety, otherwise known as ouabaine. Solutions of stro- 
phanthin were freshly prepared because potency seemed to fall rapidly in non-sterile conditions, 
perhaps owing to assimilation by an organism. 


Measurement of extracellular space with inulin or sucrose 

The extracellular space was determined by measuring the quantity of inulin or sucrose which 
was given up in 2 hr to water from muscles which had previously been prepared by soaking for 
2 hr in a saline solution containing 0-6 g/100 ml. of one of these substances. The inulin or sucrose 
extracted from the muscle was determined by a colour reaction with skatole similar to that 
described for fructose analysis by Pogell (1954), and resembling that used by Reinecke (1939) 
for inulin. A mixture of 80 ml. of concentrated HCl with 20 ml. water was used for hydrolysis, and 
for condensation to form the colour. As the blank of the method is very sensitive to heavy metals, 
which catalyse the formation of coloured compounds from skatole, it is important to avoid 
contamination and to use the purest acid. After each determination the 50 ml. conical flasks in 
which the reaction has been carried out are cleaned with chromic acid. 

The procedure is: (a) take the unknown having about 0-01 ml. of 0-6% solution of inulin or 
sucrose; add (b) 10 ml. of the HCl; heat for 15 min at 68°C in a thermostat with stirring or 
shaking. This hydrolyses the carbohydrate. Add (c) 0-1 ml. of 0-4% skatole in alcohol to the hot 
mixture, and continue heating and agitating for exactly 3 min. Cool in water. Standards are 
made from dilutions of the original inulin or sucrose-saline mixture and these, together with a 
blank, are run with the unknowns. The mauve colour developed with the carbohydrate is stable 
in the cold for some hours; the optical density is read with a green (510 my) filter. Glucose does 
not interfere. The log of ‘reading minus blank’ is proportional to the quantity of carbohydrate, 
provided a short heating time is used. The optical density of the blank is about 0-2. 50 yg of 
inulin gives a density of about 1-25. 
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RESULTS 
Effect of potassiwm ions and temperature on sodium exchange 
The loss of tracer Na from muscles which had first been loaded for more than 
2 hr was followed at 0° C and (about) 20°C. The escape of a fast fraction 
mainly due to extracellular Na makes readings taken in the first 15 min 
without value for the kinetic study. The escape of the remaining tracer Na 
takes place largely as a first-order process. If the total activity in the muscle 
is reconstructed by summing the quantities of tracer collected in successive 
periods, then a plot of log‘{activity) against time is straight for a time. Some- 
times the rate diminishes with time as if a less exchangeable fraction was 


10 


Relative tracer Na in muscle 


AL j 
wy 


2 
Time (hr) 
Fig. 2. The time curves of the loss of tracer Na from muscles, one started at 0° C and changed 


to 23-5°C, and the other started at 23-5°C and changed to 0° C. The muscles had been loaded 
in tracer solution for 2 hr before the experiment. 
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present; this behaviour has been discussed previously (Harris, 1950). With 
muscles which have been loaded for a few hours in a medium containing 
2mm-K the amount of slowly moving material is seldom as much as 10% of 
the total cellular Na. When the output is first order the effect of temperature 
can be measured by comparison of the rates at two temperatures. Values can 
be found from the slopes of the plots (Fig. 2) or by calculation from the in- 
dividual amounts of tracer collected. For the present purpose the former 
method has been preferred, since values represent a smoothed result for the 
total time under given conditions. Results are collected in Table 1.4. Some 
refer to the use of a single muscle observed at two temperatures in turn, 
others to individuals of paired muscles. 
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To compare the temperature effect in presence and absence of K ions, 
experiments were made with periods of observation at two temperatures and 
} jin mm-K and K-free saline mixtures. To reduce tracer Na output from the 
cellular depots during the first 15 min, the runs were started at 0° C. In Fig. 34 
the succession of treatments was K-free:4 mm-K:change temperature: 


TaBzeE 1. The effect of temperature and potassium ions on sodium exchange 
A. Temperature as only variable, external [K] 2 mm 
Rate constant 


. Temp. (°C) (hr-*) Qro of exchange 
Separate muscles, Fig. 2 ae ee 2-12 
Pair of muscles {50 2.07 
Pair of muscles 1-93. 

Pair of muscles {59 1.98 


B. Rates measured with K-free or 4 mm-K and at two temperatures 
(rates at 0° C with 4 mm-K measured before K-free treatment) 


| | Ratio of rates 


K concn. Rate constant 4 mm-K/K-free at a 
(mm) Temp. (°C) Q10 particular temperature 
0 0-18 1-86 2.06 at 0°C 
Fig. 31° 22 
4 0 
| 1-78 1-87 at 22°C 
0 0 0-27 
4 0 0-52 
1-79 1-93 at 0° C 
0 0 0-13 
1-68 1-61 at 0° C 
4 0 0- 
1-99 2-18 at 18°C 
0 0 
4 0 0-18 
1-90 1-63 at 20° C 
0 0 0-16 
1-82 1:56 at 0°C 
| 1-96 1-81 at 20°C 


Mean Q,, 1-9.0-1 (s.D.). 


4mm-K:K-free. In Fig. 3B we used 4mm-K:K-free:change temperature: 
K-free: 4 mm-K. In some, but not all, experiments at 0° C the Na turnover 
does not increase when the K ions are added. There is no such inconsistency 
at the higher temperature where the rate of turnover can be turned up and 
down by adding or removing K. 

The results of the experiments in which both K concentration and tempera- 
ture were altered are collected in Table 1 B. The figure quoted for the turnover 
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rate constant at 0° C in 4 mm-K is the value found before K-free treatment, 
corresponding to the conditions in Fig. 3.4. Values of the Qj. obtained in both 
4 mm and K-free solutions are approximately the same despite the fact that 
rates of exchange are accelerated 1-6—2-2 times (Tables 1 B and 2) in presence 
of the K. 


Upper curve 
21 OK-freee+ -4 mM-K 


Relative tracer Na in muscle 
3 
+ 
za 


= 


ou 


Time (hr) 
Fig. 3. Time curves for the loss of tracer Na from paired muscles: in text upper curve is referred 
to as 3A, lower curve as 3B. Conditions were changed during the experiments to permit 
measurement of rate constants at 0 and 22°C in K-free and 4 mm-K solutions: it is to be 
noted (i) that the rate does not change when the K-free to 4 mm change is made at 0° C; 
(ii) that the lines are drawn to show some delay before a change of K concentration takes 
effect; this may be attributed to the time required for the extracellular spaces to equilibrate. 


TasLE 2. Comparison of rate constants of sodium exchange in 4 mm-K, in potassium-free 
solutions, and with strophanthin added to the 4 mm-K solution: 18—20° C 


Rate constants for Na exchange (hr-') 


Conen. of poison In 4 before 
(ug/ml.) poisoning K-free In strophanthin 
l 1-5 ? 0-84 
l 1-25 0-52 0- 
| pair (Fig. 4) 
l 1:10 0-60 0-8 (short 
exposure to str. 
0-88 
1-1 0-75 
6 | pair 16 1-2 0-80 
5 0-7 0-7, di 
.5A 
5 "tes 0-42 Of ; 
10 (digoxin) 0-93 ? 0-47 
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When experiments are made with different orders of application of given conditions (as shown 
in Figs. 2 and 8), the rate constants can be seen to depend upon the conditions, rather than when in 
the experiment the rate was observed. If the time during which output is measured is extended 
so that less than 10% of the total cellular tracer Na content is left in the muscle, the presence 
of some less mobile material sometimes makes the rate ‘constant’ diminish with time (this may 
be seen at the end of Fig. 5 A). 


> 
T 


Relative tracer Na in muscle 
wa 


~ 


100 rime (min) 200 


Fig. 4. The time course of the tracer Na exchange of a loaded muscle. Readings were taken both 
with and without added K ions: strophanthin applied as indicated. Note that there is little 
recovery; the delay before the acceleration caused by the addition of 4 mm-K may be 
attributed to the time needed for equilibration of the extracellular spaces. 


The effect of strophanthin and potassium on the sodium exchange 

The addition of strophanthin to the solution bathing a muscle has been 
shown to interfere with the net K uptake and the Na loss from high Na 
muscles (Matchett & Johnson, 1954). When experiments were made with 
tracer-loaded muscles it. was found that addition of the drug has an effect on 
Na output similar to that of omitting K. The Na experiments were made so 
that readings of the exchange rate could be obtained in media with and with- 
out K, and later with strophanthin (in addition to K). Fig. 4 illustrates the 
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acceleration caused upon addition of K and the slowing caused by the drug, 
with a failure to recover appreciably. The rate constants are: 0-52 hr in 
K-free; 1-25 with 4mm-K; 0-55 after lyg/ml. strophanthin was 
added; and 0-62 hr-} later, in a solution with 4mm-K but without. stro- 
phanthin. 


3 
b 
3 \ 
a 
be} Strophanthin 
3 
a 
1 2 3 5 
Time (hr) 
2 
s 
Strophanthin 
2 
0-1 <~K-free-»< mM-K 
i 
1 eae (he) 3 4 5 


Fig. 5. The time course of Na output from loaded muscles. The experiments were started at 0° 
and later the temperature was changed to 20° C; readings were taken both with and without 
4 mm-K present in the mixture (note delay before K ions took effect), strophanthin was 
applied as indicated. In A the poison immediately reduces the rate at 20° C to a value similar 
to that found in K-free solution, but there is further slowing. In B the poison at 0° C reduces 
the rate in 4 mm-K after a delay; the rate is increased on warming but is insensitive to K ion 
concentration. 


In other experiments the temperature was changed in addition to using 
strophanthin. Fig. 5A and B illustrates a pair of experiments. In each the 
exchange was started at 0° C with 4mm-K present. Transfer of (A) to K-free 
solution at 90 min causes a slowing of rate from 0-5 to 0-4 hr. At 90 min 
(B) was treated with 5 ug/ml. strophanthin. The rate did not fall immediately, 
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but at 130 min the rate had fallen to 0-3 hr-, even though the drug had been 
withdrawn. Changing (B) to K-free solution caused no further reduction of 
rate. A similar result was obtained in another experiment. One may conclude 
that the action of strophanthin is slow at 0° C. The experiments in Fig. 5 
were continued at 20°C. Warming the unpoisoned muscle (A) increased the 
rate constant to 0-7 hr-!; this increased when K was added at 174 min. 
Addition of strophanthin at 200 min caused an immediate reduction of exchange 
tate which further diminished with time. Warming the poisoned muscle (B) 
increased the rate to 0-7 hr-!. The value was unaffected when K ions were 
added at 220 min. This shows that poisoning is both rapid and persistent at 
20°C when 5yg/ml. is applied. A trial made using 1 g/ml. strophanthin 
applied for only 16 min showed a diminution of rate from 1-1 to 0-6 hr with 
a recovery to 0-8 hr~ after withdrawal of the drug. It is likely that the interior 
of the muscle had not been subjected to the full concentration of the drug after 
only 16 min. Trials made at a concentration of 0-5 g/ml. showed a reduction 
of rate bya factor of 1-2, compared with a factor 1-7 when K ions were omitted. 
It seems that a concentration of 1 »g/ml. applied at 20° C for more than 15 min 
is required to ensure the full effect. 

To test the result of long exposure to strophanthin a muscle was kept in 
5ug/ml. concentration for 16 hr at 4° C along with tracer Na. The rate of 
exchange in presence of 4 mm-K found subsequently was 0-4 hr-! which is less 
than half the value usually found for unpoisoned muscles. A test using = 
showed an effect similar to that of strophanthin. 


Net changes of cation content 

Analyses were made of groups of 3-5 pairs of muscles after exposure of one 
group to normal medium and of the other to either K-free medium or to 
4ug/ml. strophanthin in saline containing 2 mm-K. The differences of Na and 
of K contents found between control and test muscles are plotted in Fig. 6. 
The use of the root of the time to obtain a linear relation will be discussed 
elsewhere in connexion with K movement. It can be regarded as a useful 
empirical method which facilitates handling the data. Since we assume that 
the paired muscles start with equal cation contents, the lines in Fig. 6 are 
drawn to pass through the origin. As the individual values of Na and K 
changes found for each muscle peir showed a rather close equality (Na rises 
by as many equivalents as K falls) a ‘t’ test of the 48 pairs of results was made. 
The mean algebraic sum of Na and K changes was —1equiv/g. This com- 
pared with its standard error corresponded to a ‘t’ of 1-85, so it could have 
arisen by chance with a 75% probability. We accordingly have regarded 
Na and K changes as being equal (but of opposite sign). Using both changes 
as a measure of the same variable the regression of cation change on t®* has a 
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slope of 0-63 wequiv/g unit t® (t in min) interval. The 95% confidence limits 
for mean results of a group of 3 muscles lie 5 pequiv/g above and below the 
regression lines. In the analysis of the data, results from K-free solution and 
from strophanthin were treated together. Within the limits of accuracy the 
two treatments give indistinguishable effects. 


20r- 


= 


Na gain (nequiv/g) 


5 15 
(min) 
Fig. 6. Net changes of Na and K content per g tissue induced by strophanthin in 2 mm-K saline 
-” (©) and by K-free saline (@). Values are the mean differences found for groups of 3-5 pairs 
of muscles, exposed to the test solutions and to ordinary 2 mm-K saline for equal times; 
the lines are drawn with slope 0-6 m-equiv/g tissue per unit t®* (t in min) interval. 


Extracellular space and cellular sodium 


A figure for the amount of ‘cellular’ Na (i.e. total minus extracellular Na) 
was required in order to calculate the amount of Na which would enter the 
muscle if a hypothetical pump was slowed. Analyses and space determina- 
tions were made on six pairs of sartorii. The space was measured by use of 
inulin in the muscle used for Na analysis and in some cases by use of sucrose 
in the other muscle of the pair (Table 3). Figures for the space are higher than 
those found by Desmedt (1953), but values in the range 13-29 ml./100 g were 
found in the tracer Na experiments of Harris & Burn (1949); 20+5 ml./100 g 
(+8.D.) in the *P experiments of Causey & Harris (1951); 27-35 ml./100 g from 
the quantity of fast-moving Na or sulphate in the Leptodactylus muscles 
_ examined by Harris & Martins-Ferreira (1955); 16-44% from the quantitv 
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of fast-moving Na, or sulphate, or sucrose by Johnson (1955). Johnson has 
mentioned that the values obtained depend on the condition of the frog 
and on the pressure applied when the specimen is blotted. As regards the 
cellular Na the amount deduced by Harris & Burn (1949) from the slow- 
moving tracer Na comes to about 13 wequiv/g, and Carey & Conway (1954) 
mentioned a value of 10 wequiv/g for the fresh muscle, but they also show 
that after 3 hr storage in saline mixture the muscle has gained Na. Either the 
extracellular space or the quantity of ‘cellular’ Na has increased. As the 
weight of muscles immersed in saline does not on the average change in either 
direction in an hour it is unlikely that the space changes (the mass of cells 
would have to fall to compensate any increase of space). It is more likely that 
the ionic composition of a phase associated with the cells undergoes alteration 
(as Carey & Conway discuss in relation to K—Na interchanges, their table 1). 


Tasue 3. Extracellular space and cellular sodium in sartorii after 2 hr immersion 


in saline mixture 
Space measured Cellular Na in 
Space measured in pair muscle muscle used for 
with inulin th sucrose inulin space 
(ml./100g) (ml./100 g) (uequiv/g tissue) 
19-6 21-6 21-9 
21-2 22-9 22-3 
24-2 27-0 22-7 
26-2 25-5 21-0 
17:3 16-2 
15-3 19-8 
15-5 14-3 
17-0 18-7 
16-0 14-2 
116-7 16-7 
Mean 18-8 
DISCUSSION 


The rate of output of tracer Na from a muscle can be reduced by lowering the 
temperature, by omitting K from the medium, or by adding strophanthin. 
The muscles of Rana temporaria maintain their high K and low Na contents as 
well at 0° C as at room temperature; specimens taken from frogs previously 
kept in the refrigerator for weeks at 4° C do not show analyses differing from 
specimens taken from animals kept at 10-15°C. Figures for the K content 
of paired muscles stored respectively at 0° and 18° C for the duration of 8 hr 
experiments have previously been given (table 2, cols. 5 and 6, Harris, 1953). 
If K contents differ little it is’ justifiable to infer that the same is true of Na 
contents, because the constancy of the sum (Na+K) is a consequence of Na 
and K changes being equal and opposite. If Na content does not change on 
cooling the muscle it follows that uptake and output rates change in the same 
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ratio. It would be difficult to explain an equal effect of temperature on both 
uptake and output if the ion required more energy to move in one sense than 
the other. If the output of Na from a fresh muscle (that is, one which has 
not an artificially enhanced Na content) involved passage up a gradient of 
electrochemical potential, and inward movement was a leak down the gradient, 
one would expect the two rates to have unequal temperature dependence. 
The net output of Na from a stored muscle, in which cellular K has fallen in 
exchange for Na gained, has a higher Qj, than appears for tracer movement in 


Table 1. Steinbach (1954) has quoted a figure of 3; this figure was derived 


from the initial rates of change of Na content at two temperatures. His 
data can be substituted into the equation applying to a net change (see next 
paragraph). The values of rate constant & at 22° and 4°C are respectively 
1-13 and.0-14 hr-1, corresponding to a Q,, of more than 3. It is reasonable that 
Na which has entered the part of the cell normally occupied by K should show 
a high Q,, for its output, because ions from this depot (B in Fig. ) must move 
out against the gradient of electrochemical potential. 

It is of interest that the rate constants (k) governing tracer cutout and net 
output, calculated respectively from the equations: 


—kt=In [tracer Na content] 


appear to agree when conditions are comparable. For example, Desmedt 
(1953) gives a curve for net Na output from which a rate constant of 1-7 hr 
in 10 mm-K solution can be deduced. This value compares with a range 
1-1-2-0 hr- found for tracer Na by Keynes (1954) in the same K concentra- 
tion. If there had been much Na for Na exchange during the net output, 
then net loss would have been hindered relative to tracer turnover; it seems 
that during net output the ions lost from the outer depot are replaced from the 
inner depot rather than from the solution. 

When Na output is slowed by strophanthin or in K-free solution tare i is & 
net gain of at most 10 wequiv/g tissue in 2 hr (Fig. 6), with the mean value at 
7 pequiv/g. If the treatment has reduced the output rate constant to about 
half normal (say to 0-5 hr-") (Tables 1B and 2), and uptake goes on at the 
normal rate, the tissue would gain 9-11 pequiv/g (assuming 15-18 pequiv/g 
cellular Na initially). As this gain exceeds the mean measured value one may 
conclude that the uptake rate is reduced in the strophanthin and K-free 
solutions. It is difficult to test this directly using Na; but tracer K uptake is 
reduced to about half by strophanthin (Harris, unpublished observations). 
If one regards turnover of the Na in the outer depot as being controlled by 
some chemical process which leads to both uptake and release of Na ions, |:lze 
the “exchange diffusion’ discussed by Levi & Ussing (1948), then the net 
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changes of Na content are likely to arise differently as the result of inter- 
changes of Na and K in the inner depot. 

The hypothesis that step (a) of Na movement takes place mainly as a 
consequence of a chemical lability of the groups responsible for holding the 
Na is consistent with the following observations: (1) Increased metabolism is 
induced by addition of K ions (Solandt, 1936) and the tracer movement is also 
accelerated (Keynes, 1954). (2) The effect of temperature on movement of Na 
from fresh muscles is the same whether or not K ions have been added. The 
latter point tends to exclude the possibility that K ions lead to an altered 
mechanism of output and favours the idea that they merely accelerate a 
chemical process which goes on even in their relative absence. An additional 
argument against Na being held on a chemically stable ion exchanger with a 
preference for K ions is that addition of K causes a prolonged acceleration of 
Na detachment (see, for example, the end of Fig. 3); the effect is not a transient 
displacement of some adsorbed Na by K ions, 


SUMMARY 


1. The rate of tracer Na output from frog muscle has been studied at 
different temperatures, with and without K ions added to the medium, and 
after addition of strophanthin. 

2. The effect of temperature is the same in 4 mm-K as in K-free solution. 

3. The addition of strophanthin or the omission of K ions depresses Na 
output to a similar extent (1-6—2-2 times). | 

4. When strophanthin or a K-free medium is applied there is a slow loss of 
K and equivalent gain of Na. 

5. It is suggested that much of the turnover of Na observed with tracers 
takes place between an outer depot and the solution, the ions being temporarily 
adsorbed on chemically labile groups at the cell surface. 

6. The net changes of Na content, which take place along with equal and 
opposite changes of K content, are supposed to result from Na—K interchanges 
taking place in an inner depot. 
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THE INTESTINAL ABSORPTION OF GLUCOSE 


By R. M. ATKINSON, B. J. PARSONS anv D. H. SMYTH 
From the Department of Physiology, University of Sheffield 
(Received 18 September 1956) 


It is generally agreed that glucose is absorbed from the mammalian intestine 
by an active process, but the details of this are still not known with any 
certainty. It has not even been definitely established in what form the 
actively transferred glucose enters the mesenteric blood. A number of authors 
have shown that there is a rise in the glucose concentration of the venous 
mesenteric blood during glucose absorption, but data are not available to show 
how much of the absorbed glucose could be accounted for in the mesenteric 
blood. Furthermore, in order to show a glucose concentration in portal blood . 
increased above that in arterial blood, very high concentrations of glucose 
must be present in the intestinal lumen. Thus Magee & Reid (1931) obtained 
a concentration of glucose in the blood in the superior mesenteric vein 
10-20 mg/100 ml. higher than in the arterial blood when a solution of 13-5% 
glucose was present in the intestine. With a concentration in the intestine 
100 times that in the blood an enormous gradient for diffusion existed, and 
from such an experiment no conclusions could be drawn as to whether the 
glucose appearing in the mesenteric blood was actively or passively trans- 
ported. Recently, Hestrin-Lerner & Shapiro (1953, 1954) claimed that glucose 
was absorbed in a form which was neither glucose nor lactic acid, but this claim 
could not be substantiated in experiments in vitro by Newey, Smyth & Whaler 
(1955). The present work deals with a quantitative investigation of the fate of 
glucose absorbed from the intestine in vivo, and with an attempt to determine 
in what form the absorbed glucose appears in the mesenteric blood. 

In preliminary experiments a solution to the problem was sought by 
chemical estimation of the glucose and lactic acid in the intestinal lumen and 
in the blood. The glucose disappearing from the intestine was measured, and 
at the same time the change in the glucose and lactic acid contents of the 
blood passing through the intestine was determined. These attempts proved 
unsuccessful because of the fluctuations not only of glucose but also of lactic 
acid in the arterial blood during the experiment. Other difficulties were the 
relatively large amounts of glucose brought to the intestine in the arterial 
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mesenteric blood compared with the amounts absorbed from the intestine, and 
the occurrence of glycolysis in the intestinal mucosa even when no glucose was 
being absorbed. 

To avoid these difficulties, a study was undertaken of the fate of radioactive 
glucose introduced into the lumen of the intestine. The glucose was uniformly 
labelled with “C and the “C was traced in the absorption products. A pre- 
liminary account of the work has been given by Parsons & Smyth (1956), and 
since the work was completed an account of some similar experiments, with 
results consistent with our own, has been given by Kiyasu, Katz & Chaikoff 
(1956). 

METHODS 

Operative procedure 
The principle of the method used was that of Matthews & Smyth (1954) in which the blood draining 
a loop of intestine is collected, so that none of the products of absorption entering the blood stream 
are returned to the animal. In this method, the blood pressure was maintained at a low level in 
order to reduce the rate of intestinal blood flow. In the present experiments it was particularly 
desired to avoid anoxia of the intestine, as this might easily interfere with carbohydrate meta- 
bolism, and the technique of Matthews & Smyth (1954) was therefore modified in a number of 
ways. The details of the procedure were as follows. Male and female dogs weighing from 10 to 
20 kg were anaesthetized with intravenous pentobarbitone sodium. The abdomen was opened and 
a loop of intestine about 20 cm long was selected. The vein draining the loop was prepared for 
cannulation, and the animal was heparinized. The vein was now cannulated, but during the 
cannulation the loop was not tied off from the rest of the intestine, in order to maintain as much 
circulation as possible through the loop by means of anastomoses from adjacent parts of the 
intestine. With this same object of maintaining a good circulation, the blood pressure was not 
reduced at any stage during the experiment, and a blood flow of 10-20 ml./min was maintained 
throughout. The loop was then washed out with warm saline and tied off from the rest of the 
intestine. 

The experimental arrangement is shown in Fig. 1. The cannula draining the vein from the 
loop was attached to a polythene tube, and this tube was brought out through a Small hole in the 
abdominal wall. Immediately outside the abdomen it formed a coil which was immersed in ice-cold 
water. It then passed through the small dropping chamber (for observing the rate of flow), and 
from this it passed to the bottom of a measuring cylinder containing liquid paraffin : the cylinder was 
also immersed in ice-cold water. In this way glycolysis was inhibited and loss of carbon dioxide 
from the venous mesenteric blood was prevented. In some experiments sodium fluoride was 
added to the blood being collected, as an additional precaution to prevent glycolysis. When the 
collection of venous blood from the intestine was satisfactorily established, a solution of glucose 
was injected into the lumen of the selected loop. The loop of intestine was now replaced in the 
abdomen, and its position adjusted so as to permit uninterrupted blood flow; this was facilitated 
by maintenance of slight tension on the venous cannula. The dropping chamber referred to above 
was considered to be of great importance in permitting continuous observation of the venous flow. 
In its absence unobserved stoppages of flow due to movement of the venous cannula with the 
respiratory movements might lead to anoxia, which could increase lactic acid production. 

After the injection of the glucose into the intestinal lumen the venous blood was collected 
for a period varying from 15 to 60 min. At the end of this period the contents of the loop were 
washed out and collected. In a few experiments a trichloroacetic acid extract of the intestinal 
loop was made. The residual fluid from the loop, the mesenteric venous blood draining the loop, 


and in some cases the extract of the loop, were then examined for various constituents and for 
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Chemical investigation 

Samples of the mesenteric venous blood, loop contents and loop extract, were taken for the 
determination of glucose and lactic acid, and in some experiments of pyruvic acid, alanine and 
carbon dioxide. True glucose was estimated by the method of Shaffer & Somogyi (1933) coupled 
with an adaptation of the microfermentation method of Reinecke (1943), lactic acid by the 
method of Elsden & Gibson (1954), pyruvic acid colorimetrically as described by Umbreit, 
Burris & Stauffer (1945), alanine by the method of Alexander & Seligman (1945) as modified by 
Christensen, Riggs & Ray (1952), and carbon dioxide by the Haldane method. 


Fig. 1. Arrangement used for collection of venous blood from a loop of intestine. The loop of 
intestine has an intact arterial blood supply, but the venous blood leaving the loop passes 
through a cooling coil CC, a dropping chamber D, and is collected in a cylinder under a layer 
of liquid paraffin, P. 


Estimation of specific activity 
The samples investigated were treated by various procedures outlined below so that the “C 
was incorporated either into barium carbonate or into a 2:4-dinitz lhyd These 


substances were plated and counted, and after the usual corrections the relative specific activity 
expressed as counts/min at infinite thickness. The term relative specific activity (R.S.a.) is used 
because counting at infinite thickness gives a value which is proportional to the specific radio- 
activity, or concentration of “C/unit wt. of the material counted, and not to the total amount of 
MC in the bas counted. The hydrazone was formed by addition of a saturated solution of 
2:4-dinit hyd in 2n-HCl, after preliminary stages had led to the production of an 
aldehyde or c ketone. The details of the procedures with different substances were as follows: 

Carbon dioxide. A small sample of blood (10-20 ml.) was acidified with 20% tartaric acid 
in vacuo. The carbon dioxide was collected in baryta water to form barium carbonate. 

Pyruvic acid. To a small sample (about 20 ml.) of blood 50 mg sodium pyruvate was added as 
carrier. The blood was then deproteinized by the barium hydroxide-zinc sulphate method of 
Nelson (1944). The filtrate was concentrated in vacuo to 10-20 ml. After acidification and centri- 
fuging the pyruvate was precipitated from the supernatant by addition of 2:4-dinitrophenyl- 
hydrazine, to form the corresponding hydrazone. 

Glucose, alanine and lactic acid. After samples had been taken for the chemical estimations and 
for the determination of '“C in carbon dioxide and pyruvic acid, the residue (about 200-250 ml.) 
of the collected blood was used for determination of “C in glucose, lactic acid and alanine. 
Lithium lactate and pi-alanine were added as carriers. The blood was then deproteinized with 
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barium hydroxide and zinc sulphate. The filtrate was passed through a cation exchange resin 
column (Zeo-Karb 215) in the hydrogen form. The alanine was retained on the column, and the 
glucose and lactic acid were present in the effluent. The alanine was eluted from the column with 
0-16 ammonia. This was concentrated in vacuo, adjusted to pH 5-5 with phosphate buffer, 
oxidized to acetaldehyde with ninhydrin under the conditions described by Alexander & Seligman 
(1945), and the acetaldehyde precipitated with 2:4-dinitrophenylhydrazine to form the corre- 
sponding hydrazone. 

The solution containing glucose and lactic acid was neutralized and concentrated in vacuo at 
40° C to a volume of 50 ml. This was then acidified and extracted with ether in a Kutscher- 
Steudel extractor for 8 hr. The ether-soluble fraction (containing lactic acid) was evaporated to 
dryness and dissolved in 50 ml. water. It was then treated with copper lime which removed 
traces of glucose, together with a certain amount of other organic material. The filtrate was then 
oxidized with ceric sulphate in the apparatus of Elsden & Gibson (1954) for determination 
of lactic acid. Instead of collecting the acetaldehyde in metabisulphite, it was collected in 
2:4-dinit ylhydrazine, thus forming the hydrazone. 

The solution remaining after ether extraction (containing glucose) was treated in one or other 
of two ways. In the first the principle of Drury, Wick & MacKay (1950) was used. The solution 
was adjusted to pH 5-5 with phosphate buffer and fermented with washed baker’s yeast at 37° C 
under anaerobic conditions; the carbon dioxide evolved was absorbed in baryta water to form 
barium carbonate. In the second method the solution was de-ionized by passage through Zeo- 
Karb 215 and Amberlite IR. 4B (OH). The effluent was concentrated to about 3 ml. and impurities 
were removed by passing first through a cellulose column, using butanol—acetic acid or propanol— 
water as solvents. The glucose-containing fraction was then passed through a celite—charcoal 
column to remove polysaccharides. The effluent was combusted by the technique described by 
Newey et al. (1955) to form CO,, which was converted to BaCO,. 

Calculation of the amount of radioactive material in the blood. If the radioactivity of a substance 
in the intestinal lumen is A counts/min, the concentration in the blood B mg per 100 ml., the 
total volume of the blood C ml., and the radioactivity of the substance in the blood D counts/min, 
then the absorbed labelled substance (or compound derived from it) in the mesenteric blood 
has been diluted by similar but unlabelled substance in the ratio A/D. The total amount of 
absorbed substance (or derivative) in the mesenteric blood is therefore CB/100 x D/A mg. This 
calculation is quite straight-forward in the case of glucose and carbon dioxide as both the radio- 
active glucose absorbed and the glucose and carbon dioxide recovered from the blood are counted 


as barium carbonate. In the cases of lactic acid, alanine and pyruvate, there is a complicating 


factor. The radioactivity of these substances is measured as a phenylhydrazone, and cannot be 
directly compared with the radioactivity of the glucose absorbed, measured as barium carbonate. 
In order to compare directly the radioactivities of lactic acid and glucose, the radioactivity of the 
hydrazone obtained from lactic acid must be multiplied by a factor of 0-57 to allow for the 
different proportions of radioactive carbon in the barium carbonate and in the acetaldehyde 
phenylhydrazone molecules. The same factor is used for alanine. In the case of pyruvate the factor 
will be 0-45. No further correction will be required provided the self-absorption curves of barium 
carbonate and the phenylhydrazones are not widely different, and in fact the determination 
of the self-absorption curves of BaCO, and the acetaldehyde phenylhydrazone indicated that 
they were nearly the same. 

In order to provide a further check on the comparison of the radioactivities of barium 
carbonate and acetaldehyde 2:4-dinitrophenylhyd , the following experiment was also 
carried out. Some intestinal mucosa was incubated in Krebs’s bicarbonate saline for 30 min to 
remove any glucose present. The suspension medium was then discarded, the mucosa washed 
in saline and then resuspended in bicarbonate saline containing radioactive glucose. In this 
way, the formation of lactic acid from non-radioactive glucose was eliminated. After one 
hour’s incubation of the radioactive glucose with the washed mucosa, the final solution was 
run as & strip chromatogram using butanol-acetic acid as solvent. The lactic acid spot was 
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identified, eluted and the lactic acid estimated. Non-radioactive lactate was added as carrier. 
A fraction of the lactic acid was now combusted according to the method of Newey et al. (1955) 
and another fraction was converted to the hydrazone as described above. The ratio of the radio- 
activity of the barium carbonate to that of the phenylhydrazone was 0-63. This compares with the 
theoretical value of 0-57 for the ratio of the proportion of radioactive carbon in the barium | 
carbonate and in the hydrazone molecules. It is thus evident that the procedure of comparing the 
radioactivities of barium carbonate and the acetaldehyde hydrazone is justified, and if we use 
a factor of 0-6 the error will be small. 


RESULTS 


The results of the experiments can be expressed as the percentage of 1C in the 
glucose disappearing from the intestine which can be accounted for in radio- 
active compounds in the venous mesenteric blood. The details of one typical 
experiment were as follows. 

A male dog was used, weighing 17-5 kg. The intestinal loop, made from the 
jejunum, was 19 cm long, and after the completion of the experiment the wet 
weight of the loop was 21-04g. Glucose labelled uniformly with “C was 
injected into the intestinal lumen, and the venous blood collected from the 
loop for 35 min. The total volume collected was 336 ml., and hence the rate of 
flow was 9-6 ml./min, or 45-2 ml./100 g/min. Lawson & Ambrose (1942) gave 
figures for intestinal blood flow in dogs varying from 26 to 97 ml./100 g/min. 
In a series of thirteen experiments, six animals had a flow of less than 
45 ml./100 g/min, so that our figure would appear to fall within the normal 
range, and is therefore regarded as providing an adequate rate of oxygen 
supply to the intestinal loop. At the end of the experiment the intestinal 
contents and washings were collected. The venous blood and final intestinal 
contents were analysed as described in the previous section. The results are 
shown in Table 1. This table shows that 35 mg of glucose was absorbed during 
the experimental period, and also shows the analysis of the venous blood. It is 
evident that about 90% of the radioactive glucose-C disappearing from the 
lumen of the intestine can be accounted for in the venous blood. About 70% 
of it is accounted for in glucose, 13% in lactic acid and very small amounts in 
carbon dioxide, pyruvic acid and alanine. The radioactivity of pyruvic acid is 
scarcely inside the range of experimental error. 

A number of experiments of this kind were done, and Table 2 gives a 
summary of the results. Only in a few of these have alanine, pyruvic acid and 
carbon dioxide been studied. It is seen that the experiments in Table 2 
support the one experiment described in detail, and in general it can be 
concluded that 80-90% of the glucose-C disappearing from the intestine can 
be accounted for in glucose and lactic acid, the lactic acid fraction varying 
from 7 to 17% of the glucose-C disappearing from the intestine. 

In some of the earlier experiments, not included in Table 2, the condition 
of the intestine was not considered satisfactory, either because of small blood 
flow, congested appearance of the mucosa at the end of the experiment or for 
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some other reason. In these experiments it was found that the percentage of 
absorbed glucose-C accounted for in lactic acid was increased, and values of 30, 
40, 36 and 35 were obtained. These values are significantly higher than those 
obtained in the experiments included in Table 2, when the experimental 
conditions were considered satisfactory. 


Tasxe 1. Analysis of venous blood collected from the intestinal loop during 
absorption of “C-labelled glucose 
Vol. of blood collected =336 ml. ™C-glucose absorbed =35 mg* (i.e. 14 mg labelled carbon) of 
relative ¢ activity (r.s.a.) 4600 counts/min.t 
Lactic Carbon  Pyruvic 


Glucose acid dioxide acid Alanine 
Concentration (mg/100 ml.) 


in venous bl 89 27 125 5 9 
after addition of carrier 89 71 125 265 57 
R.8.A. a8 hydrazone (counts/min) 142 6 22 
R.8.A4. a8 BaCO, (counts/min) 377 (85) 17 (3) (13) 
Amount of labelled compound in 
336 ml. blood 24-5 4-4 1-5 0-6 0-5 
C in compound (%) 40 40 27 41 41 
Amount of absorbed glucose-C in this 
form (mg) 9-8 1-8 0-4 0-2 0-2 
Absorbed glucose-C accounted for (%) 70 13 3 2 2 


The radioactivity of glucose and carbon dioxide was determined as BaCO,. The radioactivity 
of lactic acid, pyruvic acid and alanine was determined as the hydrazone, and converted to the 
corresponding values for BaCO, by multiplying by factors as described in the text. 

* Of 36 mg “C-labelled glucose injected into the intestinal loop, 1 mg glucose, with an R.s.4. of 
4200 counts/min, remained at the end of the experiment. 

+ All radioactivity measurements were made by the ‘infinite thickness’ counting technique, 
and the actual counts observed therefore express the R.s.a. of the materials counted. 


TaBz 2. The recovery and distribution of absorbed “C in mesenteric venous blood 
collected from intestinal loop after introduction of C-glucose 


Total 
Initial concen. Percentage of absorbed C recovered in recovery 
of glucose in MC-glucose - of 
Expt. intestine tion period absorbed Lactic Pyruvic absorbed 
no, (mg/100 ml.) (min) (mg) Glucose acid Alanine acid CO, ™“C(%) 
390 60 39 75 13 88 
2 350 35 35 75 9 — 
3 390 51 37 65 72 
4 360 40 36 69 ll 80 
5 260 30 24 68 ll oa _- — 79 
6 173 30 25 80 13 93 
7 350 30 35 66 17 3 1 3 90 
8* 376 35 36 70 13 2 2 3 90 


* This experiment reported in detail in Table 1. 


In a few experiments the residual fluid in the intestinal lumen was examined 
for lactic acid, pyruvic acid and carbon dioxide. In all cases the radioactivity 
of these substances was negligible. Extracts of the intestine in a few experi- 
ments showed the presence of 1C-labelled glucose, lactic acid and traces of 
alanine. The amounts were small in all cases and the investigation of the 
intestinal extracts was not followed further. 
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We have not included in Table 2 figures for the concentration of glucose in 
| the blood. In most cases the glucose concentration in the blood was around 
| 100 mg/100 ml. so that at the beginning of the experiment there was a small 

: gradient for diffusion. As absorption proceeded almost to completion (usually 

less than 1 mg of glucose remained in a volume of 1-3 ml. fluid) the glucose 
concentration in the intestine in the latter part of the experiment must have 
, been lower than that of the blood, and absorption must have occurred against 

a concentration gradient. In one experiment (no. 6, Table 2) the blood glucose 
concentration was artificially raised above that in the intestine (venous blood 
concentration = 254 mg/100 ml.) and in this case absorption of glucose presum- 
ably took place against a concentration gradient throughout the whole experi- 
ment. There is thus reason to believe that our results on the fate of glucose 
apply to the glucose which is actively absorbed. 


DISCUSSION 


The results show that up to 90°%, of the glucose disappearing from the lumen 
of the intestine can be accounted for in the mesenteric venous blood as either 
glucose or lactic acid. They do not therefore agree with the claim of Hestrin- 
| Lerner & Shapiro (1953, 1954) that glucose is absorbed in the form of some 
unknown substance. In the case of the experiments in vitro, Wilson & Wiseman 
(1954) suggested that the unknown substance might be lactic acid, and this 
suggestion was supported by Newey et al. (1955). It seems likely that this same 
suggestion is applicable to the in vivo results of Hestrin-Lerner & Shapiro 
(1954), as our results showed that if the experimental conditions were not 
good, nearly half of the glucose disappearing from the lumen was accounted 
for as lactic acid. It is of considerable interest that our results on the dis- 
appearance of glucose from the intestine of the dog agree so closely with those 
} of Kiyasu et al. (1956) carried out on rats, and with very different methods of 
studying the fate of the absorbed glucose. 

A comparison of the present results with the in vitro results of Newey et al. 
(1955) shows that in vivo a greater fraction uf the absorbed glucose is accounted 
for as glucose, and less accounted for as lactic acid and CO,. This does not 
) necessarily imply that the intestine behaves in vitro differently from im vivo. 

Under conditions in vitro the only supply of glucose to the mucosa is that in 
the lumen of the intestine, and this must serve as substrate for both the 
oxidative and glycolytic mechanisms. Under conditions in vivo a rich supply 
of glucose is made available through the arterial blood for both oxidation and 
glycolysis, and it is not therefore surprising that much of the carbon dioxide 
, and lactic acid produced by the intestine came from this source of glucose, and 
not from the glucose in the lumen of the intestine. 

The results answer fairly definitely the question raised by Wilson & Wiseman 
(1954) as to whether some glucose is absorbed as lactic acid. It seems likely 
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that it is, but only to the extent of accounting for 10-15% of the glucose 
absorbed. 

Barany & Sperber (1939) first showed that glucose disappeared from the 
intestine even when in a concentration below that in the blood, and this is 
always regarded as one of the main pieces of evidence in favour of active 
absorption of glucose. Our experiments go further in showing that the glucose 
which disappears from the intestine against a concentration gradient does in 
fact appear in the mesenteric blood. 

A matter of some interest is the fact that the specific activity of the glucose 
remaining in the intestine at the end of the experiment is almost the same as 
that at the beginning. This shows that the movement of glucose is in one 
direction only, and is not the net result of a two-way movement with increased 
rate in one direction. 

SUMMARY 

1. Techniques are described for studying the fate of “C-labelled glucose 
absorbed from a loop of dog’s intestine. 

2. It was found that 70-80 % of the glucose disappearing from the intestine 
is accounted for as glucose in the mesenteric venous blood, 7-17 % as lactic 
acid, and insignificant amounts as carbon dioxide, alanine and pyruvic acid. 

3. The results are discussed in relation to theories of glucose absorption and 
compared with those obtained with intestinal preparations in vitro. 

The expenses of this work were defrayed by grants from the Medical Research Council and the 
Medical Research Fund of the University of Sheffield. Dr R. M. Atkinson and Mr B. J. Parsons 


were also holders of training grants from the Medical Research Council. We are indebted to 
Mr K. H. Curtis and Miss H. Moakes for technical assistance and to Mr J. W. Hadfield for 


construction and design of the glass apparatus. Mr Curtis is also responsible for the drawing 
reproduced in Fig. 1. 
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RESTING VENTILATION AND ALVEOLAR AIR ON MOUNT 
EVEREST: WITH REMARKS ON THE RELATION OF 
BAROMETRIC PRESSURE TO ALTITUDE IN MOUNTAINS 


By L. G. C. E. PUGH 


From the Division of Human Physiology, National Institute 
for Medical Research, Hampstead, London, N.W. 3 


(Received 27 September 1956) 


The physiological changes associated with acclimatization to high altitude 
have been thoroughly investigated up to 15,000 ft., but at greater heights the 
data become increasingly scarce. The International Physiological Expedition 
to Chile in 1935 made observations on themselves and the local miners at 

17,500 ft.; and short visits were made to 20,100 ft. (Dill, Christensen & 
Edwards, 1936), Houston & Riley (1947) studied four subjects over a 4-week 
period in a decompression chamber at pressures which were reduced by slow 
stages to the equivalent of an altitude of 20,000 ft. Above that there are only 
the alveolar air samples taken by Greene (1934) and Warren (1939) on pre-war 
expeditions to Mount Everest. Some earlier data by Somervell on the 1924 
expedition are not acceptable because the samples were stored in rubber bags. 
Both Greene and Warren stored their samples in glass ampoules. They brought 
back between them eleven samples, ten of which were taken at altitudes between 
20,000 and 22,800 ft., and a single sample taken at 25,700 ft. 

The observations reported in this paper were made on the British Himalayan 
expeditions to Mount Cho Oyu (26,570 ft.) and Mount Everest (29,002 ft.) in 
1952 and 1953. Their purpose was to supplement and extend existing physio- 
logical data on persons acclimatized to very high altitudes. Alveolar air 
samples were obtained from members of both parties at altitudes ranging from 
15,000 to 24,000 ft., and resting ventilation was followed in a single subject at 
altitudes up to 21,200 ft. Data on the effect of breathing supplementary oxygen 
on the alveolar gases in resting subjects are also presented. The primary 
purpose of these observations was to look for evidence of slow loss of acclima- 
tization in persons using oxygen over prolonged periods. 

Barometric pressures on Everest were found to correspond more closely with 
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pressures calculated from a formula proposed by Zuntz, Loewy, Miiller & 
Caspari (1906) which was used by Fitzgerald (1913) in presenting the results 
of a study of alveolar air made on the Pike’s Peak Expedition (Douglas, 
Haldane, Henderson & Schneider, 1913), than with the internationally adopted 
altimeter calibration formula used in aviation and in decompression chamber 
studies. The matter is dealt with in some detail in this paper because it would 
appear that the pressures used to simulate altitudes over 15,000 ft. in the 
decompression chamber are considerably lower than the corresponding 
pressures usually observed on mountains; and furthermore it seems likely 
that the barometric pressure near the summit of Mount Everest, when 
attempts have been made to climb it, has been considerably higher than would 
be inferred from the altimeter scale. 


METHODS 

Barometric pressure and altitude. The 1952 expedition was equipped with surveyor’s aneroids, 
which proved unreliable above 16,000 ft. A member of the expedition, T.D.B., however, had with 
him an aircraft aneroid, which seemed satisfactory; so in 1953 two instruments of this type were 
included in the physiological equipment. These were supplied by Messrs Kelvin Hughes who 
calibrated them specially, before and after the expedition, over an appropriate range of pressures 
and temperatures. Readings taken on both instruments at different stages of the expedition 
agreed within 2 millibars. In calculating the results of physiological studies made on the 1952 
expedition, barometric at altitudes over 16,000 ft. have been taken from observations made 
at corresponding altitudes on the Mount Everest expedition. The justification for these assumed 
barometric pressures was the fact that both expeditions operated in the same territorial region 
and at the same time of year, readings at lower altitudes showed good agreement, and at 18,000 ft. 
and over on Mount Everest variations in barometric pressure due to the weather were small. 

Altitudes on the Mount Cho Oyu expedition were taken from the Royal Geographical Society’s 
map ‘Mount Everest and Environs’, compiled from the Mount Everest surveys of 1921 and 1924, 
and the Nepal survey of 1924-27. On the 1953 Mount Everest expedition the height of the summit 
was taken to be 29,002 ft. The most recent survey (Gulatee, 1954) places it at 29,028 ft. The heights 
of Thyangboche (13,200 ft.) and of the South Col (25,850 ft.) relative to Everest were established 
by geometric methods, the former by Evans on the 1953 expedition, the latter by the 1921 
Everest reconnaissance party. The heights of the intermediate camps, which are those given by 
Hunt (1953) in the official account of the expedition, although not measured geometrically, are 
considered to be accurate to within about 200 ft. They were based on the combined evidence of 
photographs, climbing times, and aneroid differences as well as the estimates of the two Swiss 
expeditions in 1952. 

The barometric pressures observed at various heights on Mount Everest have been compared 
with the internationally adopted altimeter calibration curve, and with the curve used by 
Fitzgerald (1913) based on the formula proposed by Zuntz et al. (1906). The formulae from which 
they are calculated are as follows: 

(1) The internationally adopted altimeter calibration formula, which assumes a standard 
atmosphere having a temperature of + 15° C and pressure of 760 mm Hg at sea level, and a lapse 
rate of 0-0019812° C/ft. The formula appears in various forms in different reference books. 
Haldane & Priestley (1935) in ‘ Respiration’ give the form 
P, 288 
-1-98H 
where P, and P are the pressures in mm Hg at sea level and at height H thousand feet. 
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Boothby’s Handbook of Respiratory Data in Aviation (1944) gives it as 


Z =221-15 08 
aZ 


where Z is the altitude in feet, a is the standard lapse rate (v. supra) and Px, is the barometric 
pressure in mm Hg at height Z ft. Where an accuracy of 1 mm Hg is acceptable, the simpler 
arithmetic mean temperature can be used instead of the logarithmic mean, T',,, to calculate 
pressures ding to altitude up to 30,000 ft. 

(2) Zuntz’s formula (Zuntz et al, 1906) is 


T ine (degrees absolute) = 


h 


where B is the barometric pressure at the lower level in mm Hg, } is the barometric pressure at 
the upper level in mm Hg, h is the difference in height in metres, ¢ is the mean temperature (°C) 
of a column of air of height h. Fitzgerald (1913) showed that barometric pressures calculated from 
this formula corresponded closely with pressures observed in mountains when a sea-level pressure 
of 760 mm Hg and a mean temperature of + 15° C were assumed. 

Resting ventilation. Observations were made on G.P. at various stages of both expeditions. 
Ventilation was measured in the morning before rising, half to one hour after drinking a mugful 
of tea containing about one ounce of sugar. The apparatus was put ready the night before to 
minimize the amount of movement before the experiment. In 1952 a Max Planck Institute 
respiration meter (Orsini & Passmore, 1951) was employed, including the Perspex valve unit, 
corrugated tubing and nose-clip supplied with the instrument. The calibration of the instrument 
was checked before and after the expedition. In 1953, expired air was collected directly into 
a light-weight 801. bag, with manual control of the neck, and its volume was determined from 
measurements of the pressure and temperature of the gas, as described in previous communi- 
cation (Pugh, 1953). Comparable results have been obtained in this subject by both methods up 
to minute volumes of 30 1./min (Pugh, 1953). 

Alveolar air, On the 1952 expedition the first samples of alveolar air were taken on the fourth 
day after arrival at 11,600 ft. after a three-week approach march at intermediate altitudes, mostly 
between 6000 and 10,000 ft. The first observation at 20,000 ft. was made on the third day after 
a two-day ascent from a camp at 15,500 ft., where the party had been resting for a week after 
a month spent at altitudes between 18,000 and 21,000 ft. In 1953 observations were begun a 
month after arriving in the Everest region, after an approach march similar to the one in 1952. 
Ward and Wylie who gave the first samples, on 30 April, had been ferrying stores between base 
camp (18,000 ft.) and the Western Cwm (20,000—22,000 ft.), for three weeks, and had twice been 
to nearly 20,000 ft. before that. A series of samples were taken by G. P. on himself at base camp, 
18,000 ft., on 8 May (27th day after arrival) during the control period of the oxygen experiment 
described below, and further samples were taken at Camp III (20,500 ft.), during an 11-day stay 
(date of arrival 11 May) and at Camp IV (21,200 ft.) during a seven-day stay (date of arrival 
25 May). Samples on other subjects at these camps were taken after 10 May, when the party had 
moved into the Cwm and were operating between 20,500 and 22,500 ft. and sometimes above. 
Ward took samples at Camp VII (24,000 ft.), on the day after ascending from Camp V (22,500 ft.) 
without using oxygen apparatus. 

The samples were end-expiratory samples (Haldane & Priestley, 1935a) taken with a 3 ft., 
1 in. internal diameter hose-pipe. They were collected in 50 ml. evacuated glass ampoules by a 
method similar to that used by Greene on the 1933 Everest expedition (Greene, 1934). The 
ampoules were sealed immediately over a butane-gas flame and were brought back to England for 
analysis. The analyses were done on a Micro-Scholander Gas Analyser (Scholander, 1947). Care 
was taken to ensure that the subjects were adequately trained in the method, and they were 
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watched to see that the samples were given correctly without interruption of breathing rhythm or 
abnormal inspiration before delivering the sample. All samples taken during the day-time were 
delivered in the sitting position. Samples taken in the evening after 8.0 p.m. were taken from 
subjects lying in the supine position in their sleeping bags with the head and shoulders supported. 

Experiments with oxygen. The effect of breathing supplementary oxygen from an open circuit 
apparatus at a flow rate of 2 1. of oxygen /min (s.t.p.) was studied at base camp (18,000 ft.) 4 weeks 
after arrival there. The observations were made during a 3 hr control period on air, and a 3 hr 
period on oxygen. The author acted as subject, delivering samples directly into a 20 ml. glass 
syringe and analysing them immediately for CO, on the Micro-Scholander apparatus. The subject 
was well acclimatized, and did not notice any obvious effect on breathing oxygen. 

Some observations on the short term or immediate effect of breathing oxygen on the alveolar 
pCO, were made on 21, 22 and 23 May, at Camp ITI (20,500 ft.). The subject had been at Camp III 
from 11 to 17 May; he had been down to base camp (18,000 ft.) on 18 May, returning the following 
day. The samples were taken before and during a 10 min period on oxygen. In the first experiment 
oxygen was inhaled from a closed circuit apparatus ; in the other experiments a 200 |. bag containing 
100% oxygen was used. 

Experiments on the long-term effect of oxygen on alveolar pCO, were done on both the 1952 
and 1953 expeditions at altitudes between 20,000 and 21,200 ft. Alveolar samples were taken 
before, during and after periods of breathing oxygen at night for sleeping. Oxygen was supplied 
to the subjects at the rate of either | or 2 |./min using a light-weight mask and reservoir bag, 
similar to the emergency sets used in civil aviation. The samples were taken with the subjects 
lying in their sleeping bags, beginning about | hr after supper. The procedure consisted of raising 
the mask with one hand at the end of inspiration and with the other applying the end of the hose- 
pipe to the mouth. With practice this mancwuvre could be performed smoothly and without 
apparently disturbing the breathing rhythm. The samples were collected in evacuated 50 ml. 
ampoules and analysed in England. 


RESULTS 


Barometric pressure and altitude. The barometric pressure observed at various 
altitudes on Everest and comparable observations collected from the litera- 
ture, are presented in Fig. 1. One can compare the results with the altitude- 
pressure curves given by Haldane & Priestley (19355). Observations made on 
Everest in 1953, as well as those of Greene on Everest in 1933, show better 
agreement with the Zuntz curve than with the altimeter calibration curve. The 
same is true of observations made by physiological expeditions to high alti- 
tudes. The variations in barometric pressure due to meteorological causes were 
relatively small. Readings taken at the base camp (18,000 ft.) on 11 days 
between 12 April and 11 May varied only by 1-9 mm Hg, and readings taken 
at Camp ITI (20,500 ft.) on 8 days between 1 and 22 May varied by 2-3 mm Hg: 
the diurnal variations at these camps were less than 1-5mm Hg. On the 
other hand, readings taken at Katmandu in March were about 7-5 mm Hg 

higher than readings taken in June after the monsoon had broken. The baro- 
- Inetric pressure on the summit, when Hilary and Tensing were there on 29 May 
1953, may be calculated from the barometric readings of Ward at Camp VII 
on 27-31 May, and temperatures recorded by Hillary which were as follows: 


27 May 3.0a.m. Camp VII 24,000ft. -—25°C 


28 May 3.0a.m. Camp VIII 25,850 ft. —25° C 
29 May 3.0am. CampIX 27,900ft. -—27°C 
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Assuming a mean temperature of —26°C and a pressure of 308 mm Hg at 
24,000 ft. the pressure at 29,000 ft. would be 250 mm Hg. In 1933 the pressure 
on the summit was probably somewhat higher. Greene’s data fell exactly on 
the Zuntz curve, according to which the pressure at 29,000 ft. would be 
269 mm Hg. His readings were 340, 337 and 334 mm Hg at 22,700 ft. and 
305 mm Hg at 25,700 ft. The heights were determined by Spender with the 
theodolite (Greene, personal communication). 


Barometric pressure (mm Hg) 


— 


200 
0 10 15 20 
S.L. Altitude (1000 ft.) 


Fig. 1. Relation of barometric pressure to height. The upper curve is calculated from the formula 
proposed by Zuntz et al. (1906) using a mean temperature of 15° C; the lower curve is drawn 
according to the internationally adopted altimeter calibration which is based on a standard 
atmosphere; the plotted points represent observations made on Mount Everest and elsewhere. 

x, 1953 Mount Everest expedition; +, 1933 Mount Everest expedition (Greene, 1934); 
©, Peru (Hurtado & Aste-Salazer, 1948-49) ; ©, Andes (Dill et al. 1936); @, Colorado (Douglas 
et al. 1913); A, Andes (Barcroft et al. 1923). 


Resting ventilation. Fig. 2 shows the relation of resting ventilation to baro- 
metric pressure. The results have been compared with studies carried out in 
England in which serial measurements of resting ventilation were made on the 
same subject between the hours of 10.30 a.m. and 12.30 p.m. on several days. 
Each plotted point represents a single determination. At 18,000-—21,200 ft. 
the minute volume at ‘srps’ (body temperature, pressure, saturated with 
water; Fed. Proc., 1950) varied from 13 to 22 L/min with a mean of 15:8 
1./min as compared with a range of 5-5-9-8 1./min and a mean of 7-3 1./min 
at sea level. The corresponding respiratory rates were 16-20 (mean 18) and 
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dent of altitude, as others have found (Houston & Riley, 1947). Gas samples 
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9-18 (mean 13) respirations/min respectively. Lower respiratory rates usually 
of 14/min were recorded on other occasions above 18,000 ft. when ventilation 
was not being measured, and above 20,000 ft. Cheyne Stokes breathing was 
usual at night or after meals, the sequences in this subject consisting of six 
breaths separated by a 10 sec pause. Ventilation at altitudes over 18,000 ft. 
was, on the whole, higher in 1953 than in 1952, and this was associated with 
improved tolerance of altitude as judged by symptoms and physical per- 
formance. The minute volume at ‘stpp’ (Fed. Proc. 1950) was independent of 
altitude. This suggests that the resting oxygen consumption was also indepen- 


A (Verps) B (Vstpp) 
20 
0° 4 
3 
5 10 x 
0 L j i i 1 


700 600 500 400 300 4: 
Barometric pressure (mm Hg) 
Fig. 2. Respiratory minute volume in a resting subject (G.P.) on the Cho Oyu 
1952 (x); on the Everest expedition of 1933 (©); at sea level (@): (A) at 37° C observed 
pressure saturated (V prps); (B) at 0° C, 760 mm Hg dry gases (Vgrpp). 
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were, however, taken on only two occasions; once in 1952 at 11,600 ft., which 
gave an oxygen consumption of 291 ml./min and an R.Q. of 0-91; and once in 
1953 at 20,500 ft. when oxygen consumption of 325 ml./min was obtained. Sea- 
level values were 215-310 ml./min (mean 265) in twelve determinations with 
R.Q. of 0-98-0-71 (mean 0-85). In Fig. 3 the measurements of resting venti- 
lation and the altitudes at which they were made are plotted against time. 
The values observed at 12,000-13,000 ft. on six successive mornings at the 
end of the approach march were strikingly consistent and were less variable 
than the results obtained in the laboratory at sea level. On 10 and 11 May 
after a month spent at 18,000 ft. minute volumes of 15-6 and 20-2 1./min were 
observed. On 11 May the subject went up to Camp III (20,500 ft.) and values 
of 22-1 and 21-9 1./min were observed there on the following two mornings. 
On the third morning a value of only 15-8 |./min was obtained, and later at 
Camp IV (21,200 ft.) a value of 17-2 1./min. Thus, at 18,000-21,200 ft., there 
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was no obvious relation between altitude and ventilation. On returning to 
base camp after spells at Camps III and IV, the subject noticed great relief 
of the effort of breathing, especially at night: and on going down to lower 
altitudes at the end of the expedition, some strikingly low minute volumes 
were observed. On the first morning at 10,000 ft., after two months at or above 
18,000 ft., the minute volume was only 10 |./min and the respiratory rate was 
7/min. 
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Fig. 3. Resting ventilation on Mount Everest, and altitude plotted against time. 


Alveolar air. The results are presented in detail in Table 1 and are summarized 
in Tables 2 and 3. At base camp (18,000 ft.) where the mean alveolar O, 
tension was 44-5 mm Hg, everyone felt well and energetic; and most people 
felt tolerably well in the Western Cwm at Camp III (20,500 ft.) and Camp IV 
(21,200 ft.), where mean alveolar O, tensions of 43-5 and 39-3 mm Hg respec- 
tively were observed. At Camp VII (24,000 ft.), where the mean alveolar 
O, tension was 34-1 mm Hg, there was considerable impairment of mental 
function. Ward noted that routine procedures took much longer than usual 
to carry out, and anything requiring thought or dexterity such as tracing 
faults in the oxygen apparatus or repairing a Primus stove was accomplished 
with much effort and very slowly. 

At Camp III (20,500 ft.), where the largest number of samples were taken, 
the intra-subject variation was 9mm Hg for O, tension and 4 mm Hg for 
CO, tension. A difference of 9mm Hg in alveolar O, tension at this altitude 
corresponds to an altitude difference of about 4000 ft. (Fig. 5). The variation 
between subjects was also considerable. The high values observed in C.W. are, 
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however, of doubtful significance, as this subject had difficulty in mastering 
the technical procedures. The lowest values at this altitude were observed in 
G.P. both in 1952 and 1953, and were associated with rather poor altitude 


tolerance. 
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Tasie 2. Alveolar air at 20,000-20,500 ft. Summary of results 
showing mean and range of values on individuals 


TE Alveolar pO, (mm Hg) Alveolar pCO, (mm Hg) 
Subject observations mean range mean range 
1953, Alt. 20,500 ft. Bar. 365 mm Hg / 
G.P. ll 39-8 36-4-42-6 25-5 24-1-26-5 
E.H. 3 41-2 39-0-44 20-0 18-1-21-2 
C.W. 2 47-1 44-7-49-5 18-1 16-5-19-6 
J.H. 3 43-8 40-9-49-6 19-2 16-5—20-5 
M.P.W. 1 45-4 18-7 
Mean 43-5 20-3 
1952, Alt. 20,000 ft. Bar. 370 mm Hg 
R.C. 3 43-9 42-1-45-3 20-0 19-5-20-8 
G.P. 1 36-5 26-4 
1 42-8 19-4 


Tasie 3. Mean alveolar gas tensions at altitudes above 17,000 ft. 


Alveolar 
Altitude Bar. No. of No. of pco po 
(1000 ft.) (mmHg) subjects samples (mm Hg) (mm Hg) Alveolar B.Q. 
Himalayan expeditions 1952 and 1953 
18 397 2* 3 25-3 44-5 0-89 
20 370 3 5 21-9 41-1 0-81 
20-5 365 5 20 20-3 43-5 0-83 
21-2 347 2 2 21-0 39-3 0-87 
22-5 337 3 3 21-3 35-5 0-82 
24-0 308 2 2 16-9 34-1 0-77 
Results by other workers 
17-5 401 10 — 25-6 42-3 0-76 Dill et al. 1936 
20-1 356 9 — 21-4 37-7 0-76 Dill et al. 1936 
21-0 360 1 1 21-0 39-6 0-77 Greene, 1934 
21-2 360 2 2 17:8 42-8 0-73 Warren, 1939 
22-7 337 | 3 17-7 40-7 0-87 Greene, 1934 
22-8 337 2 3 15-6 37-0 0-60 Warren, 1939 
25-7 305 1 l 9-2 43-0 0-79 Greene, 1934 
20-21 350-330 4 _ 21-4 36-9 — Houston & 


* Data on C.W. omitted. 


The relation of the alveolar gas tensions to barometric pressure is shown in 
Fig. 4, which is re-drawn from Fitzgerald’s (1913) chart. Although Fitzgerald 
measured CO, tension only, O, tension being calculated from an assumed R.9. 
of 0-83, her results have been confirmed by subsequent investigators whose 
data have been collected by Rahn & Otis (1949). In Fig. 4 the plotted points 
representing the mean values observed at each altitude on the Mount Cho Oyu 
and Mount Everest expeditions show fair agreement with the linear relation- 
ship predicted by Fitzgerald, except in the higher range of altitude, where the 
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0, values tend to lie above, and CO, values below, the straight line. The 
significance of this finding is brought out in Fig. 5, which shows alveolar O, 
tension plotted against altitude. If one assumes a limiting value for O, tension 
of 28 mm Hg, the straight-line relation gives an altitude limit of either 
23,000 ft. or 25,000 ft., according to which pressure-altitude scale one uses. 
Fitzgerald predicted that a mountaineer on the summit of Mount Everest 
would have an alveolar O, tension of 24 mm Hg and a CO, tension of 19 mm Hg. 
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Fig. 4. Alveolar gas tensions in relation to barometric pressure and altitude. @, Mean values 
for individuals, 1953, Everest; ©, mean values for individuals, 1952, Cho Oyu: the curve 
showing the relation of barometric pressure to altitude is calculated from Zuntz’s formula. 


Alveolar air in acclimatized versus unacclimatized men. Fig. 6 compares the 
present data with Boothby’s (1944) data on unacclimatized men acutely 
exposed to simulated altitudes. The O, values in the Himalayan climbers were 
equivalent to those of unacclimatized men 4000-6000 ft. nearer sea level. 
Part of this advantage is, however, due to the fact that the barometric 
pressure at a given altitude in the Himalayas was somewhat higher than that 
indicated by the altimeter calibration scale used in aviation studies; heights 
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Fig. 5. Relation of alveolar O, tension to altitude. The continuous line is the curve fitted to the 

plotted points representing data obtained on the Mount Cho Oyu expedition, 1952, and the 

Mount Everest expedition, 1953. Interrupted lines show relation of alveolar O, tension and 

; altitude predicted by Fitzgerald (1913) assuming a straight line relation between alveolar 0, 


7 tension and barometric pressure (i) when height is calculated according to Zuntz’s formula 
(- - - -), (ii) when height is calculated from the altimeter calibration formula (- - - - - - - ). 
Unacclimatized Acclimatized 


J 


T 
(mm Hg) 


Gas tensions (mm Hg) 
Gas tensions 


40 440 

| 


S.L. 14,000 22,000 24, 
Fig. 6. Composition of alveolar air at various altitudes in unacclimatized acutely exposed subjects 

(Boothby, 1944) and in subjects acclimatized to altitude on Mount Cho Oyu and Mount 
Everest: (], O, tension; , CO,"tension. Mean and range of values are shown. 
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of 20,000 and 22,000 ft. on the altimeter scale being equivalent to 21,500 
and 24,000 ft. in the Himalayas. Fig. 6 also illustrates the characteristically 
low CO, tensions of acclimatized men. The respiratory responses of the un- 
acclimatized men were very variable, and in some subjects ventilation increased 
to levels comparable with those of acclimatized men. 


Alveolar CO, tension (mm Hg) 


70 80 


5060 100 110 
Alveolar O, tension (mm Hg) 


90 


Fig. 7. The CO,-O, diagram (Rahn & Otis, 1949) showing alveolar CO, tension and O, tension 
in unacclimatized men acutely exposed to altitude (upper curve), and in men acclimatized 
to altitude (lower curve). The numbered open circles represent mean values observed at the 
following altitudes (ft.) on the Mount Cho Oyu (1-3) and Mount Everest (4-8) expeditions: 
(1) 11,600, (2) 15,500, (3) 20,000, (4) 18,000, (5) 20,500, (6) 21,200, (7) 22,500, (8) 24,000. 
Crosses represent data from pre-war Everest expeditions, viz. +, Greene (1934); x, Warren 
(1939). The oblique lines are lines on which alveolar O, tension at a given altitude and R.Q. 
must lie; they take origin from the inspired O, tension at the altitude stated, The inter- 
rupted curve has been drawn by eye to fit the 1953 data. Difference between unacclimatized 
and acclimatized men is maximal at 11,500—15,000 ft., and disappears at 29,000 ft., where 
predicted O, tension is about 32 mm Hg. 


In Fig. 7 the Himalayan data are plotted on the Fenn CO,-O, diagram and 
are compared with the curves of Rahn & Otis (1949) representing the compo- 
sition of alveolar air in unacclimatized men acutely exposed to altitude and — 
in men acclimatized to altitude. Iso-altitude lines for 21,200 and 24,000 ft., 
based on observed barometric pressures and an R.Q. of 0-85, are shown, as well 
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as iso-altitude lines for 29,000 ft. and various r.Q. These lines ane been 
calculated from the alveolar gas equation 
0-791pCO, 
= — 47 — pCO,) — pO,’ 


At a given altitude and z.Q. the alveolar air values must be on the corre- 
sponding iso-altitude line, the origin of which is at the inspired O, tension. 
The upper curve in Fig. 7 shows the response of unacclimatized men to acute 
exposure to altitude. There is no increase in ventilation until an alveolar 0, 
tension of 50-60 mm Hg is reached, which corresponds to an altitude of 
12,000 ft. or inhalation of 13% 0,; consequently, the O, tension falls pro- 
gressively, but CO, tension remains unchanged: the onset of hyperpnoea is 
shown by the downward turn of the curve indicating a lowering of CO, 
tension and a reduced change in O, tension. The lower curve shows the response 
of acclimatized persons. Increased ventilation is present from alveolar 0, 
tensions of 100 mm Hg downwards; at the higher altitudes the respiratory 
response is much greater in acclimatized persons and consequently, at a 
given altitude, O, tension is considerably higher and CO, tension lower, than 
in the unacclimatized acutely exposed subject. 

The present results show good agreement with the Rahn & Otis curve for 
acclimatized men up to 18,000 ft. Above that the plotted values deviate to the 
left in the manner predicted by Rahn & Otis for partially acclimatized persons. 
An arbitrary curve drawn to fit these data cuts the isopleth for the summit of 
Mount Everest (29,028 ft.) at 32 mm Hg and almost coincides with the extra- 
polated curve for unacclimatized persons. The iso-altitude lines for different 
R.Q. show that a high metabolic r.q. is of no advantage in maintaining the 
alveolar O, tension at 29,000 ft., although it would be an advantage at less 
extreme altitudes, where the alveolar curve is less steep. The significance of 
this point is that mountaineers have a craving for sugar and sweet foods at 
high altitude (Pugh, 1954). 

The effect of O, on alveolar CO, tension. The results of the experiment at 
18,000 ft. are shown in Table 4. The mean CO, tension during the control 
period was 26 mm Hg and the mean O, tension 45 mm Hg. While breathing O, 
the CO, tensions were more regular and showed a steady upward trend, 
reaching a level of 30 mm Hg: this suggested improved respiratory regulation 
and a slow decrease in COQ, sensitivity. The first three pCO, values after starting 
to breathe O, were above the average of the control values. This finding, 
coupled with improved regulation of CO, tension during O, breathing, suggested 
that in this subject hypoxic chemoreceptor stimulation was still present even 
after 4 weeks at 18,000 ft. 

The alveolar CO, tension observed in the same subject on 3 successive days 
at 20,500 ft. are shown in Table 5. Each day the CO, tension while the subject 
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was breathing O, was lower than it had been while breathing 0, on the 
previous day; the CO, tension when he was breathing O, was higher than 
when he was breathing air on the second day, but not on the third day. These 
results suggest @ progressive increase in CO, sensitivity, although, in view of 
the variability of resting ventilation, no definite conclusion is justified. 


Tas.e 4. Effect of breathing oxygen on alveolar gases. Results of an experiment done at base 
camp on Mount Everest; 18,000 ft.; bar. 397 mm Hg.; subject, G.P. 


Composition of alveolar gases 
Observation CO, O, pco pO elapsed 

DO. Time (%) (%) (mmHg) (mmHg) (min) 
1 11.30 7-14 12-96 25-3 44-3 _- 
7-30 12-97 ons 
2 12.00 . 6-61 
6-66 23-3 — 
3 14.10 7-24 13-05 25-3 45-7 — 
4 14.20 7-80 — 27:3 
5 14.30 6-51 22-8 
Mean 25-8 45-0 — 
14.55 Started breathing O,, 2 1./min 0 
6 14.57 7-57 51-37 26-5 179-8 2 
7 15.10 7-78 58-53 27-2 204-9 15 
x 15.27 7-75 52-32 27-2 183-1 32 
9 15.55 7-79 44-11 27:3 154-4 60 
10 16.55 8-22 39-54 28-8 138-4 120 
ll 17.15 8-59 33-0 30-1 115-5 140 
Mean 27-9 162-7 —_— 


TaB_e 5. Effect of breathing oxygen for 10 min on alveolar CO, tension 
on successive days at 20,500 ft.; subject, G.P. 


Alveolar POO, (mm Hg) 
thing 
Date Breathing air pure oxygen 
21. v. 53 — 29-2 
22. v. 53 24-6 
23. v. 53 26-1 25-6 


The data on the effect of using O, for sleeping purposes (Table 6) show a rise 
in CO, tension of 3-5 mm Hg during the night, and an immediate return to the. 
pre-oxygen levels within half an hour of taking the apparatus off. The results 
on J.H. suggest that the rise in CO, tension may have been an immediate 
effect rather than a slow trend. J.H. was the only subject to attain sea-level 
alveolar O, tensions; in the other subjects the alveolar O, tensions were 
between 50 and 80 mm Hg. This was explained by the fact that J.H. on this 
occasion received 2 1. O,/min, whereas the other subjects shared a 2 1. supply 
between them. The subjective effect of breathing oxygen even in relatively 
low concentrations was remarkably good. One slept more soundly than usual 
in spite of the mask, and awoke conspicuously refreshed. The feeling of 
increased energy after a night on oxygen lasted 2 or 3 hr. 
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Taste 6. Composition of alveolar air in subjects using 
open circuit oxygen apparatus for sleeping 
Alveolar air 
co, 0 poco, 
Date Subject Time Conditions (vol. %) (vol.'%) (mm Hg) (mm fig) 
1952; 20,000 ft. Barometric pressure 370 mm Hg 


26. v.52 R.C, 19.05 Breathing air 6-45 13-70 20-8 44-3 
27.v.52 R.C. 02.05 5 hr breathing O,, 
1-0 L./min 8-36 20-03 27-0 64-7 
26. v.52 T.B. 19.00 Breathing air 
26. v.52 T.B. 02.00 65 hr breathing O,, 
; 1-0 L./min 8-20 29-68 26-5 95-9 
1953; 20,500 ft. Barometric pressure 365 mm Hg 
13. v.53 E.H. 20.50 Breathing air 6-48 12-62 20-6 40-1 
20.55 Breathing air 6-67 12-25 21-2 39-0 
14. vi. 53 E.H 06.00 8 hr breathing O,, 
1./min 7°22 18-47 23-0 58-7 
06.05 8 hr breathing O,, 
1-0 L/min 7-33 19-56 24-6 62-2 
07.30 30min breathing air 5-68 13-90 18-1 44-2 
13. v.53 G.P 21.05 Breathing air 8-26 11-46 26-3 36-4 
14, v.53 G.P 05.55 8 hr breathing O,, 
1-0 L/min 9-90 25-31 31-5 80-5 
06.15 8hr breathing O,, 
‘0 1./min 10-57 21-11 33-6 67-1 
06.20 8 hr breathing O,, 
1-0 L/min 9-19 18-14 29-2 52-7 
16. v.53 J.H. 20.15 Breathing air 6-44 12-86 20-4 40-8 
air 6:42 12-85 20-4 40-8 
20.38 Breathing O,, 2 1./min 7-69 38-50 24-4 122-2 
20.50 Breathing O,, 2 1./min 7-42 36-60 23-6 116-2 
17. v.53 J.H. 06.00 8 hr breathing O 7-93 33-65 25-2 106-8 


06.05 Breathing 811 31-17 25-7 98-9 
07.00 50 min ing air : 


DISCUSSION 


The relation of barometric pressure to height was discussed by Zuntz et al. 
(1906) in connexion with their physiological studies on Monte Rosa, and again 
by Fitzgerald (1913) in connexion with the Pike’s Peak expedition. Fitzgerald 
showed that the barometric pressure observed in mountains in various parts 
of the world corresponded closely with the pressures calculated from the 
formula proposed by Zuntz when a meah temperature of 15° C was assumed. 
Later Haldane & Priestley (19356) pointed out that at altitudes above 15,000 ft. 


the barometric pressures calculated from this formula exceed those calculated 


from the internationally adopted altimeter calibration by an increasing amount. 
The matter is of some importance in high altitude studies if one wishes to 
compare observations made in the decompression chamber with observations 
made on mountains, since the atmospheric pressures corresponding with the 
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stated altitudes will not be the same. For example, 20,000 ft. in the de- 
compression chamber (pressure 350 mm Hg) is equivalent to 22,000 ft. on a 
mountain, and 29,000 ft. in the decompression chamber (pressure 236 mm Hg) 
would be equivalent to 34,000 ft. on a mountain. Again, the barometric 
pressure on the summit of Everest according to the altimeter scale would be 
236 mm Hg, whereas according to Zuntz’s formula it would be 269 mm Hg. 
Hillary and Tensing did not take an aneroid with them on their climb to the 
summit in 1953, but calculating from observations at 24,000 ft. it can be 
assumed that the barometric pressure there was within a few millimetres of 
250 mm Hg. In 1933, the pressure was probably nearer 269 mm Hg, since 
Greene recorded a reading of 305 mm Hg at 25,700 ft. (compare 308 mm Hg 
at 24,000 ft. in 1953), which corresponds closely with Zuntz’s curve. The 
relatively high barometric pressure that year must have been of great assistance 
to Shipton, Smythe, Wager and Wynne Harris, all of whom climbed without 
oxygen apparatus to 28,100 ft. (Ruttledge, 1934). At these great heights, 
where man is working near his limit, small differences in barometric pressure 
are of great significance. This is borne out by the large increase in the effort 
of climbing and the rate of physical deterioration at each camp above 24,000 ft., 
although the actual difference in altitude from one camp to the next is not 
more than 1000-1500 ft. which at 24,000 ft. is equivalent to a difference in 
barometric pressure of only 22-33 mm Hg. 

The data presented in this paper, as well as the observations made on 
physiological expeditions, confirm the findings of both Fitzgerald and Haldane. 
They also indicate that the formula they used is a better guide to barometric 
pressure in mountains than the accepted formula for calibrating altimeters. 
Both formulae are based on the same fundamental relation but the 
constants are slightly different. This point is made clear by expressing the 
equations in the same mathematical form. If h is the height in feet, P is the 
barometric pressure in mm Hg at height h and ¢ is mean temperature in ° C, 
Zuntz’s formula becomes 

760 _ h 
°8 ~ 236-22 (256-4 +t)’ 


where t= 15° C, and the altimeter calibration formula becomes 


°8 “p 991-15 (273 +1)’ 
where ¢ is calculated from the standard atmosphere. It seems likely that the 
constants in the formula used by Fitzgerald were originally chosen to make 
the formula fit conditions in mountains rather than free air. No details, 
however, are given by Zuntz as to how the formula was derived. 
The discrepancy between the altimeter scale and observations in mountains 
is explained by the fact that expeditions to high mountains naturally operate 
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at a season when relatively warm, fine weather at the higher altitudes is to be 
expected. Under such conditions, mean temperatures based on the standard 
atmosphere are likely to be too low, as also may be the sea-level barometric 
pressure of 760 mm Hg. To give an example, the night temperature of —27° C 
observed at 27,900 ft. on Mount Everest may be compared with the standard 
temperature for this height which is —40°C. The corresponding sea-level 
temperature calculated from a lapse rate of 1-98°C per 1000 ft. would be 
+31° C, compared with +15° C according to the standard atmosphere. It is 
worth mentioning that minimum night temperatures of + 20° C were observed 
at 1000 ft. on the plain below the Himalayan foothills in April 1922. If one 
takes 760 mm Hg as the sea-level pressure, + 27° C as the sea-level temperature, 
and —29° C as the temperature at 29,000 ft., the resulting barometric pressure 
is 249-5 mm Hg, which agrees closely with the value obtained by the more 
accurate method of calculating from observations at 24,000 ft. 

Ventilation. The measurements of minute volume bring out in a general way 
the increase in minute volume with altitude. No strict comparison can be made 
between the values observed above 18,000 ft. in 1952 and 1953 because the times 
spent at altitude and the apparatus used were different. The higher values in 
1953 do, however, raise the question whether an increased respiratory response 
may not partly account for the improvement in acclimatization which all 
climbers notice on their second visit to the Himalayas. The normal! variability 
of resting ventilation (except under carefully controlled conditions) is such 
that one should not expect to see any close relationship with relatively small 
changes of altitude, particularly at the higher altitudes where the change in 
barometric pressure with altitude is considerably less than at sea level. Nor 
should one expect to demonstrate the progressive increase in ventilation over 
the first few days of a visit to high altitude which others have reported. The 
fall in ventilation observed in G.P. immediately on descending is contrary to 
expectation. Others have found that hyperpnoea persists for several days 
after descending to sea level after a sojourn at high altitudes. It is possible 
that respiratory adjustments are more rapid in climbers moving frequently 
from one altitude to another than in a party ascending or descending after a 
prolonged stay at a particular altitude. The reports of members of the party 
on Mount Everest suggested, however, that the response to changes of 
altitude would be found to vary widely in different individuals. Whereas G.P. 
noticed immediate relief of breathing on descending to lower altitude, two 
other climbers reported shortness of breath (though only during exercise), and 
J.H. complained of unpleasant attacks of suffocation at night on returning to 
Thyangboche (13,000 ft.) after 5 days spent above 18,000 ft. and on two other 
occasions at base camp (18,000 ft.) after visits to 20,000-26,000 ft. 

Although ventilation in litres ‘srrs’ was approximately doubled both in 
range and mean value at 18,000-21,200 ft. compared with the sea-level values, 
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the ‘stpp’ values were independent of altitude. Hence ventilation was so 
regulated that the mass of gas breathed was independent of altitude and the 
reduced density of the air and increased volume of water vapour in the lungs 
at altitude was completely compensated. Respiratory compensation for 
reduced atmospheric pressure as opposed to density is, of course, impossible 
above 10,000 ft., where inspired O, tension is the same as alveolar O, tension 
at sea level. The finding that ventilation was independent of altitude when 
expressed in litres ‘stpp’ also suggests that. metabolism was unchanged, and 
this was supported by such measurements as were made. 

Alveolar air. Haldane—Priestley end-expiratory samples have proved of 
value over many years for following respiratory adaptation to altitude. 
Although not much confidence can be placed on single samples, average results 
based on a number of samples on one or more individuals have given very 
consistent results. Alveolar CO, tension is a useful measure of any changes 
in ventilation; and if metabolism is known, alveolar ventilation and respira- 
tory minute volume can be computed from the alveolar gas tensions by 
the equation of Fenn, Rahn & Otis (1946). The rather large and variable 
alveolar-arterial O, gradient observed in resting subjects at sea level is 
greatly reduced at high altitude. Houston & Riley (1947), in their chamber 
study, ‘Operation Everest’, observed a mean alveolar-arterial O, gradient 
of +1-1 mm Hg (range —5 to +5) at 18,000 ft. and above, compared with 
13 mm Hg (range +3 to +23) at sea level; and Dill and others on the physio- 
logical expedition to Chile (1936) observed a mean alveolar-arterial O, 
gradient of +2-8 mm Hg (range —2-4 to +9-32) at 20,000 ft. Alveolar O, 
tension is therefore nearly as good an index of Q, lack at altitude as direct 
measurements on arterial blood. 

The mean alveolar gas tensions observed on the 1953 Everest expedition at 
21,200-22,500 ft. (Bar. 347-337 mm Hg), which were 21-1 mm Hg for CO, and 
37-4 mm Hg for O, respectively, are comparable with the results of Dill and 
others at a slightly lower altitude (20,000 ft., Bar. 356 mm Hg) and agree 
closely with the data for ‘effective alveolar air’ obtained over a comparable 
range of pressures by Houston & Riley (1947). The samples brought back by 
Greene (1934) and Warren (1939) frém previous Everest expeditions tend to 
show higher O, tensions and lower CO, tensions than the present data, but 
some of their R.Q. are suspiciously low. There is no evidence, however, from 
the time spent at altitude or physical performance that previous parties were 
better acclimatized than the 1953 party. 

Rahn & Otis (1949) used the data of Greene (1934) and Warren (1939) in 
calculating the O,-CO, curve for acclimatized men at altitudes over 21,000 ft.; 
consequently the curve fitted to the present data lies somewhat to the left of 
their curve, suggesting less complete adaptation. It is open to question, how- 
ever, whether a steady respiratory state is ever reached at these altitudes; 
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whether further data would not show respiration to be essentially variable and 
poorly regulated at these altitudes. Extrapolation from the present data 
suggests that men on the summit of Mount Everest would respond very like 
unacclimatized acutely exposed persons and would have alveolar O, and CO, 
tensions of about 32 and 12 mm Hg respectively. The corresponding arterial 
O, saturation, assuming a pH of 7-6 (Houston & Riley, 1947), would be about 
55%, which is within the range of values observed by Dill et al. (1936), and 
Houston & Riley (1947) in subjects at 20,000 ft. Such values are certainly 
consistent with normal consciousness in partially acclimatized persons, 
although there is impairment of other mental functions. Unacclimatized 
acutely exposed subjects, on the other hand, usually lose consciousness when 
the arterial O, saturation falls below 60% (Pappenheimer, 1944). In the event 
Hillary found he could walk around easily on the summit of Everest without 
extra oxygen and took some excellent photographs. However, after 10 min he 
began to get confused, and put himself on oxygen again. A thousand feet 
lower down, where the barometric pressure would be only about 10 mm Hg 
higher than on the summit, he and Tensing had been able to work steadily for 
10 min at a time in preparing a site for their tent without their oxygen 
‘apparatus and had spent much of the night without extra oxygen. 

Effect of oxygen. In planning oxygen equipment for use on Everest one of 
the risks envisaged was the possibility that the prolonged use of oxygen might 
cause significant loss of acclimatization. This factor, added to absence of the 
normal respiratory adaptation during an ascent, might result in serious loss 
of efficiency if not loss of consciousness if the oxygen supply were to run 
out above 28,000 ft. The present data do not suggest any important loss of 
acclimatization, as evidenced by the CO, response, and the subjective effects 
were so good that mountaineers now consider that extra oxygen at night 
is More important to them on mountains over 25,000 ft. than oxygen for 
climbing. 

The rise in CO, tension which took place immediately on going on to oxygen 
showed that the subjects were still responding to anoxic stimulation at 18,000- 
21,000 ft. which is evidence that they were incompletely acclimatized. It is 
doubtful, however, if mountaineers ever reach a stable condition at any given 
altitude above 18,000 ft. since they seldom spend more than a few days in 
one place and their daily stint of climbing involves changes of altitude of 
1000-3000 ft. Climbing parties have, however, spent up to 6 weeks without 
going below 20,000 ft. On Everest in 1953 men who spent many weeks con- 
tinuously above 20,000 ft. did not consider that they could have remained at 
20,000 ft. indefinitely. The reasons were the same as those given by miners 
on Auconquilcha who refused to occupy a camp built for them at 19,000 it. 
(Matthews, 1954), namely, loss of sleep and failure of appetite. The response 
of climbers suggests, however, that partial acclimatization certainly occurs at 
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altitudes up to 23,000 ft. and possibly up to 25,000 ft., but is associated with 
an underlying process of physical deterioration, which eventually compels the 
climber to descend. 
SUMMARY 

1, Barometric pressures observed on expeditions to high mountains are 
higher than the corresponding pressures calculated according to the standard 
altimeter calibration. The difference has considerable physiological significance 
above 18,000 ft. 

2. Resting ventilation (‘BTPs ’) rose to 13-22 1./min (mean 15-8 1./min) above 
18,000 ft. compared with 5-5-9-8 1./min (mean 7-3 1./min) at sea level. Venti- 


lation at ‘stPD’ was independent of altitude. Persistent hyperpnoea on . 


descending to lower altitude was not observed in the subject studied, and the 


reports of other members of the party suggested that individual responses to 
changes of altitude were highly variable. 


3. Observations on the composition of alveolar air at various altitudes up 
to 24,000 ft. are reported and compared with previous data from the literature. 
At 24,000 ft. (Bar. 308 mm Hg) alveolar CO, tension was 16-8 mm Hg and 
alveolar O, tension 34-1 mm Hg. 


4, The response to supplementary O, at 18,000 ft. and above consisted of 
(1) a small immediate rise in CO, tension showing that hypoxic stimulation of 
breathing had still been present ; and (2) a slow rise over many hours, suggesting 
loss of acclimatization. However, the CO, tension quickly reverted to pre- 
oxygen levels on discontinuing 0,. The subjective effects of breathing O, 
during the night are described. 
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SECRETION BY THE PAROTID GLAND OF THE SHEEP: 
THE RELATIONSHIP BETWEEN SALIVARY FLOW 
AND COMPOSITION 


By D. A. COATS ann R. D. WRIGHT 


From the Department of Physiology, University of Melbourne, 
Melbourne, Australia 


(Received 15 October 1956) 


Alterations in the concentrations of sodium and potassium in saliva have 
been extensively studied and related to the external balance of these ions, and 
to the level of function of the adrenal cortex. Rather less interest has been 
shown, however, in the relationship between these concentrations and the 
degree of activity of the salivary glands manifested by altering rates of flow, 
and in factors influencing the salivary concentration of anions. Heidenhain 
(1878) showed an increase in the salt content of dogs’ submaxillary saliva from 
0-19 to 0-50% associated with an increase in flow from 0-19 to 1-37 ¢.c./min, 
and of dogs’ parotid saliva from 0-28 to 0-43°% with an increase in flow from 
0-09 to 0-80 c.c./min, while Werther (1886) demonstrated an increasing chloride 
and bicarbonate concentration with increasing rate of secretion. In general, 
it has since been observed that there is an increase in the salivary sodium 
concentration with increased flow of the submaxillary saliva of dogs (Greger- 
sen & Ingalls, 1931) and of cats (Langstroth, McRae & Stavraky, 1938), but 
that the concentration of potassium is largely independent of the rate of flow. 
De Beer & Wilson (1932), however, were unable to demonstrate any clear 
change in the ionic composition of dogs’ parotid saliva associated with changes 
in rate of secretion. Thaysen, Thorn & Schwartz (1954) confirmed the relation- 
ship between salivary sodium concentration and rate of flow of human parotid 
saliva, and observed that the potassium concentration was practically in- 
dependent of flow except at low rates, when it was higher. These authors also 
demonstrated that bicarbonate concentration varied directly with flow up to 
a rate of 1-5 ml./min, beyond which it remained constant. Most workers who 
have investigated the relationship between salivary chloride concentration and 
rate of salivary flow have found a direct relationship (Bienka & Szczepanski, 
1936; Bramkamp, 1937; Vladesco & Nichita, 1939; Thaysen e¢ al. 1954), but 
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a decreasing concentration as stimulation continued, independent of rate of 
production, was observed in the case of dog parotid saliva by Baxter (1931). 

Burgen (1956) has recently indicated that the relationship between salivary 
potassium concentration and flow is rather more complex than had previously 
been considered. Using graded motor nerve stimulation to achieve varying 
rates of parotid salivary flow in the dog, and submaxillary flow in the dog and 
cat, and short intervals for the collection of small-volume saliva samples just 
adequate for analysis, he demonstrated a fall in potassium concentration as the 
salivary flow increased above the resting level, and a subsequent rise as maxi- 
mal secretory rate was attained. That the ionic movements associated with 
motor nerve stimulation of the gland are of a rather more complex nature has 
also been suggested by Lundberg (1955) in considering the types of potential 
changes across the secreting cells occurring with nerve stimulation. 

In view of the seeming complexity of the ionic transfers associated with 
alterations in the level of glandular activity, it became of some importance to 
investigate them in detail as a necessary basis for any attempted explanation 
of the superimposed effects of changes in external balance or adrenal cortical 
activity. 

METHODS 


The data in this paper were obtained from seven Merino sheep. Each animal was kept indoors 
in a cage for 5-7 days, and was given 25 g of sodium bicarbonate dissolved in 1 1. of tap water by 
tube 2 days before the experiment to avoid the possibility of minor grades of sodium depletion 
(Denton, 1956). In all cases the last urine specimen before experimental use contained sodium at 
a concentration of 100-200 m-equiv/l., indicating the absence of sodium deficiency. 

In six sheep anaesthesia was induced by intravenous sodium thiopentone (0-3-0-5 g) and 
continued after tracheotomy with closed circuit cyclopropane and oxygen. In the seventh sheep 
the tracheotomy tube was inserted using local anaesthesia (2% procaine) and general anaesthesia 
was induced and maintained with cyclopropane and oxygen. In all instances the animal remained 
in good condition for 6-8 hr. 

Cannulation of the parotid duct, and the preparation of the parasympathetic nerve (Moussu’s 
nerve) for stimulation have been previously described (Coats, Denton, Goding & Wright, 1956). 
In all instances the sympathetic trunk was divided in the neck. Moussu’s nerve was stimulated by 
means of a platinum cathode inserted into a chamber of Ringer-Tyrode solution surrounding the 
nerve, and the circuit was completed with an indifferent brass electrode inserted into the rectum. 
A square wave electronic stimulator was used throughout, and maximal stimulation was obtained 
with a voltage of 8, a pulse duration of 6 msec and a frequency of 20 pulses/sec. Graded submaxi- 
mal stimulation was obtained at the same voltage and pulse duration by reducing the frequency 
to 10, 5, 2 and 1 pulses/sec. 

In order to obtain salivary volumes adequate for chemical analysis during short period stimula- 
tion, the gland was rested for at least 5 min after each stimulation, and was then re-stimulated at 
the same intensity and frequency with pooling of the saliva obtained for the relevant periods of 
each episode. In this way, saliva from successive 5 sec intervals of stimulation could be analysed. 
There was no essential difference in the composition of saliva obtained by pooling corresponding 
successive samples from two episodes of stimulation with a 15 min rest, and from nine episodes of 
stimulation with a 5 min rest between each stimulation. This would indicate that 5 min was 
a sufficient recovery period for the gland following a period of maximal stimulation. 

In order to minimize contamination of the first salivary sample obtained during motor nerve 
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stimulation, the cannula dead space was measured in drops and the appropriate number of drops 
was discarded before the collection was commenced. While this procedure prevented mixing with 

ed basal saliva within the duct cannula, the first sample was still a mixture of saliva 
gecteted during stimulation and preformed saliva within the intraglandular duct system. The 
effect of this mixing will be discussed in a subsequent section of this paper. 
The chemical methods for salivary analysis have been previously described (Denton, 1956). 


RESULTS 
Basal secretion 


For the seven sheep studied in these experiments the basal flow of saliva from 
the unstimulated denervated gland was 0-21 + 0-032 ml./min. 


Salivary flow following motor nerve stimulation 

Stimulation of the motor nerve to the parotid gland was carried out in all 
instances at maximal intensity (8 V) and pulse duration (6 msec) and with 
a graded frequency from 20 to 1 impulses/sec. During the first 1-2 min of 
stimulation at 20 impulses/sec salivary flow fell progressively from a maximum 
} of 5-24+0-31 ml./min to a steady flow of 2-64 + 0-28 ml/min. After this initial 
‘establishment period’ of 1-2 min duration, salivary flow remained constant 
for any given frequency of stimulation. This constancy of flow was observed for 
varying periods of continuous stimulation up to 69 min. In all subsequent 
discussion saliva collected during the first 2 min of any stimulation has been 
referred to as Phase I saliva, while that collected later in the corresponding 
episode of stimulation has been referred to as Phase II saliva. Stimulation 
4 frequencies of 20, 10, 5, 2 and 1 impulses/sec, and collections from the unstimu- 
lated gland, resulted in graded Phase II salivary flows ranging from 2-64 + 0-28 
to 0-21 + 0-032 ml./min. 


Phase II salivary composition 

Total osmolarity. There was no significant difference detected in the total 
osmolarity of the salivas obtained at the various flows. Minor fluctuations 
encountered had a random disposition, and in any case were within the limits 
of the several experimental errors of the separate electrolyte analyses used to 
determine total osmolarity. 

Sodium and potassium. Throughout the range of Phase II salivary flows the 
sum of the concentrations of sodium and potassium remained constant for any 
one experiment within the limits of accuracy of the two estimations. The 
concentration of each ion, however, was found to be a function of the salivary 
flow. As, with increasing frequency of nerve stimulation, the flow increased pro- 
gressively from 0-21 + 0-032 to 2-64 + 0-28 ml./min, sodium concentration rose by 
29-9 + 16-3 m-equiv/lI. and potassium concentration fell by 25-3 + 16-8 m-equiv/l. 
} In each case the relationship between flow and composition was roughly 
39-2 
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exponential (as tested by plotting the relevant points on a semi-logarithmic 
scale), The relationship between salivary flow and the concentrations of 
sodium and potassium in a typical experiment of the series is indicated in 
Fig. 1. In this experiment the Phase II salivary flows were distributed over 
the range 0-19-2-14 ml./min, and were associated with progressive increases in 
sodium concentration from 158 to 175 m-equiv/1. and with progressive decreases 
in potassium concentration from 19-3 to 10-2 m-equiv/lI. 


Salivary potassium (m-equiv/|I.) 
Na’ | Phase | 
€s | Phase I! 
10” 10% ©----@ K* } saliva 
45° 
15° 1 
3 25° 
a4 
1 


4 
55 160 165 170 175 180 
Salivary sodium (m-equiv/I.) 

Fig. 1. The relationship between salivary flow and the concentrations of sodium and potassium in 
the saliva during established Phase II secretion (broken curves). The solid arrows connect 
successive concentrations during the first 4 min of continuous maximal stimulation, with the 
period (in seconds and minutes) from the beginning of stimulation to the collection of the 
salivary sample indicated in figures alongside the appropriate point. In this figure one Phase II 
potassium point falls well away from the curve, probably the result of a technical error. 


Chloride. There was no significant correlation between the chloride con- 
centrations of the various Phase II salivas and the corresponding rates of flow. 
Of a total of forty-five saliva samples collected from seven sheep throughout 
the whole range of flows, all except two had chloride concentrations between 
4 and 15 m-equiv/l. In those two samples, both collected from the same animal, 
concentrations of 29 and 20 m-equiv/l. were associated with flows of 2°16 and 
1-69 ml./min respectively. In most experiments it was not possible to demon- 
strate any relationship between flow and concentration, but occasionally 
(Fig. 2a and 6) there was a tendency for the higher flows to be associated with 
lower chloride concentrations. 

Bicarbonate. The bicarbonate concentration of the Phase II salivas varied 
with flow in a manner similar to the sodium concentration, in that there was 
a roughly exponential rise coincident with increasing flow. With salivary flows 
covering the range 0-21 + 0-032 to 2-64 + 0-28 ml./min, bicarbonate concentra- 
tion increased by 25-7 + 9-4 m-equiv/l. The magnitude of the change in a typical 
experiment is indicated in Fig. 3, where salivary flows ranging from 0-29 to 


Salivary flow (mi./min) 


4 


$-85 ml. 
107 to | 
Phosp 
: the flow 
0-21 + 0: 
of the co 
the othe 
the phos 
flow fror 
tion fall 
durin 
‘ the cc 
reach 
scales 
Durin 
beginnir 
sively fr 
The Ph 
concent 
Sodiu 
4 there oc 
concent 
with pre 
of salivs 
glanduls 
capacity 


COMPOSITION OF SALIVA OF SHEEP 615 
3-85 ml./min were associated with increasing bicarbonate concentrations from 
107 to 142 m-equiv/lI. 

Phosphate. Phosphate concentrations of Phase II salivas also varied with 
the flow, a fall of 35-9+ 17-2 m-equiv/l. occurring over the flow range from 
0-21 + 0-032 to 2-64 + 0-28 ml./min. In the case of phosphate, the magnitude 
of the concentration changes was rather more variable than was the case with 
the other ions, and Fig. 4 indicates the relationship in an experiment in which 
the phosphate concentration changes were unusually large, a rise in salivary 
flow from 0-11 to 2-42 ml./min being associated with a phosphate concentra- 
tion fall from 85 to 14 m-equiv/I. 
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Fig. 2. The relationship between salivary flow and the concentration of chloride in the saliva 
during established Phase II secretion (broken curves). During the Phase I secretion of saliva 
- the concentration of chloride is higher, and either rises further before falling progressively to 
reach the Phase IT values (a) or falls progressively without an initial rise (6): note different 
scales. The figures alongside the plotted Phase I points have the same significance as in Fig. 1. 


Phase I Salivary Composition 

During the initial ‘establishment period’ of 1-2 minutes’ duration, at the 
beginning of stimulation with 20 impulses/sec, the salivary flow fell progres- 
sively from 5-24 + 0-31 ml./min to the steady Phase II rate of 2-64 + 0-28 ml./min. 
The Phase I saliva collected during this time had an electrolyte composition 
different from that which would have been predicted from the Phase II 
concentration—flow relationship. 

Sodium and potassium. During the first 5 sec of stimulation at 20 impulses/sec 
there occurred an increase in sodium concentration and a decrease in potassium 
concentration. Care was taken that the saliva specimen was not contaminated 
with preformed saliva within the duct cannula, but it was certainly a mixture 
of saliva secreted during stimulation and preformed saliva within the intra- 
glandular duct system. There was no method of accurately assessing the 
Capacity of the intraglandular duct system, but cervical sympathetic stimula- 
tion (Coats et al. 1956) indicated that the saliva specimen obtained was 


ase | é 5 
liva : 
ase |! q 
liva 
14 
! 
‘ 


616 D. A. COATS AND R. D. WRIGHT 


probably a mixture of about one-third preformed saliva and two-thirds new 
secretion. This mixing would tend to mask the concentration changes observed 
and the magnitude of the increase of the sodium concentration, and the decrease 
of the potassium concentration in the stimulated secretion was certainly 
greater than the analyses indicated. During the next 5 sec of stimulation the 
sodium concentration fell and the potassium concentration rose, the potassium 
rise being continued into the third 5 sec sample. Therafter there was a gradual 
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Fig. 3. The relationship between salivary flow and the concentration of bicarbonate in the saliva 
during established Phase II secretion (broken curve). During the Phase I secretion of saliva 
the concentration of bicarbonate is initially lower than would be predicted from the Phase IT 
concentration—flow relationship, and rises progressively at intervals following the beginning 
of stimulation indicated in figures alongside the appropriate points. 
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Fig. 4. The relationship between salivary flow and the concentration of phosphate in the saliva 
during established Phase II secretion (broken curve). During the Phase I secretion of saliva 
the concentration of phosphate is initially higher than would be predicted from the Phase II 
concentration—flow relationship, and falls progressively at intervals following the beginning of 
stimulation indicated in figures alongside the appropriate points. 
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rise in the sodium concentration to a peak value which was attained in 
45-60 sec, and a gradual fall in the potassium concentration to a plateau 
attained after 2 min of stimulation. Fig. 1 indicates the relationship of the 
sodium and potassium concentrations and the salivary flow in one experiment, 
and relates these Phase I relationships to the Phase II composition—flow 
curves. Fig. 5a relates the concentration changes in the same experiment and 
the time of collection of the Phase I saliva samples. Reference to this figure 
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Fig. 5. Changes in the concentrations of sodium and potassium in Phase I saliva during 2 min 
continuous maximal stimulation. In (b) the potassium time scale on the abscissa has been 
halved to indicate that, while the cation concentration changes are reciprocal, sodium 
equilibrium is achieved in approximately half the time required for potassium equilibrium. 


shows that the concentration changes were roughly reciprocal, but that the 
fluctuations in sodium concentration occurred at approximately twice the 
rate of the potassium fluctuations. The different time relationship is better 
illustrated in Fig. 5b, where the potassium time scale on the abscissa has 
been halved. 

The results of the serial sodium and potassium analyses of saliva collected 
during the Phase I secretion indicate a complex cation transference associated 
with the ‘start up’ mechanism of secretion. The sodium concentration fluctua- 
tions occurred rather more rapidly and were of slightly greater magnitude than 


the roughly reciprocal potassium changes. 
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Chloride, bicarbonate and phosphate. Saliva secreted during the first 5 sec of 
stimulation at 20 impulses/sec had a higher concentration of both chloride and 
bicarbonate, and a lower concentration of phosphate, than basal saliva (Fig. 6a). 
As the stimulation proceeded, salivary collections showed a progressive rise in 
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Fig. 6. Changes in the concentrations of phosphate, bicarbonate and chloride in Phase I saliva 
during 2 min continuous maximal stimulation (a). In (b) the combined concentrations of 
bicarbonate and chloride have been plotted to indicate the reciprocal relationship between the 
concentrations of these two ions and the concentration of phosphate. 


bicarbonate concentration (Fig. 3) and a progressive fall in phosphate con- 
centration (Fig. 4) until the respective Phase II concentration—flow curves 
were attained in approximately 2 min. The chloride response was somewhat 
more variable, but in general its concentration either rose further (Fig. 22) 
during the first 15 sec of stimulation (two experiments) and then fell pro- 
gressively for 2 min to reach the low values characteristic of Phase II secretion, 
or else there was a progressive fall throughout the entire 2 min of the Phase | 
secretion (five experiments, Fig. 26). The total anion concentration remained 
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| practically constant throughout the whole 2 min period, and there was a 
reciprocal relationship between the fall in phosphate concentration and the 
combined rise in concentration of bicarbonate and chloride (Fig. 65). 


DISCUSSION 


The sheep’s parotid differs from any of the glands so far studied in the present 
context in that there is a continuous secretion by the denervated gland. 
Despite the fact that the glands were already secreting, the results of the 
experiments described clearly indicate two phases in the transference of 
water and electrolytes following stimulation of the motor nerve. The first phase 
is a transient one of up to 2 min duration, during which time there occurs 
a complex readjxistment of the water-electrolyte pattern of the saliva from the 
preceding basal composition to the subsequently established steady state of 
stimulated secretion. The second phase is one of established activity, with the 
secretion of the gland in equilibrium with the delivery to it of water and 
electrolytes, in which the salivary electrolyte pattern is a function of the estab- 
lished degree of glandular activity. During the second phase there occurs a 
rise in sodium concentration and a fall in potassium concentration as the 
secretory rate is increased, and at the same time the anion pattern is altered so 
that the phosphate concentration falls and there is a commensurate rise in 
the combined concentrations of bicarbonate and chloride. 

During the transient phase of altering glandular secretory activity, the 
salivary composition reflects the delivery of water and electrolytes to the 
gland, the rapidity with which ionic transference across the two secretory cell 
faces is altered, and the extent to which secretory cell substance contributes. 
to the material secreted. In the case of potassium, Burgen (1956) has demon- 
strated that intracellular content is transiently made available, not only to 
saliva secreted but also to plasma flowing through the gland, a finding that we 
have confirmed in other studies involving analysis of concurrent changes in 
composition and flow of blood through the stimulated gland. Consideration of 
asingle ion, however, must of necessity minimize the complexity of the total 
situation, and the sodium-potassium relationship would tend to indicate that 
sodium equilibrium, despite the greater size of this ion, is achieved in approxi- 
mately half the time necessary for the establishment of potassium equilibrium. 

From the data available it must remain a matter of speculation whether 
water, or one or other of the cations involved, may be a ‘prime mover’. There 
are, however, associated factors which must be considered to have some 
influence on the availability of the two ions for secretion. Sodium is secreted 
at a concentration not greatly different from its plasma concentration, and 
hence osmotic work associated with its transference is minimal. With the rapid 
increase in salivary flow occurring with stimulation it would seem not unreason- 
able to expect a more rapid fluctuation in this ion, associated as it is with very 
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little osmotic work, than of potassium, which in the pre-stimulation state was 
being secreted against a concentration gradient of 4:1 and at the end of the 
Phase I flow was still being secreted against a gradient of 2:1. The availability 
of the two ions for secretion must also influence the rapidity with which the 
new equilibrium is achieved. In an experiment of a type similar to those here 
recorded, in which blood flows through the gland were recorded, the extraction 
ratios of sodium and potassium from plasma were respectively 2-5 and 24% 
before stimulation and 11 and 29% during the first 3 sec of stimulation at 
20 pulses/sec. It is possible that the higher potassium extraction imposes 
a limit upon the rapidity with which its transference is increased upon stimu- 
lation of the gland. The extraction ratios indicated have been calculated as 
percentages of the arterial plasma delivery appearing in the saliva. Other 
experiments, however, have confirmed the finding of Burgen (1956) that, 
during the initial secretory phase, the potassium concentration in the venous 
plasma leaving the gland is higher than the arterial plasma concentration, 
indicating a dispersion of glandular intracellular potassium into both saliva 
and venous effluent. This, of course, still further limits the potassium available 
for salivary secretion. 

The reason for the greater rapidity of establishment of sodium equilibrium 
may well depend upon such factors as the lesser osmotic work required for its 
secretion, its lower plasma extraction ratio or the greater affinity of intracellular 
protein for potassium. Salivary analyses made initially at 5 sec intervals 
following gland stimulation also indicated a greater complexity of the ‘estab- 
lishment phase’ than was observed by Burgen, and the cation concentration 
changes over these short time intervals may probably be related to the rapid 
potential changes across the gland cells described by Lundberg (1955). Our 
own attempts to relate changes in chemical composition to changes in gland 
cell potential across the total gland have so far proved abortive in that no 
e.m.f. (1 mV sensitivity) was detectable at any stage between the surface and 
the hilum of the gland. 

Lundberg (1956) has recently demonstrated that when the sublingual glands 
of cats are perfused with oxygenated solutions containing physiological con- 
centrations of sodium, potassium and calcium, with chloride as the only anion, 
stimulation with acetylcholine results in a salivary flow four to ten times 
greater than if the chloride in the perfusing fluid were replaced by nitrate. He 
suggests for this gland an active anion transport mechanism accounting for the 
secretion of salt and water, with cations following owing to electrical forces, 
and water following osmotically. If the hypothesis be tenable, then for this 
gland chloride would assume the role of ‘prime mover’, though we are unable 
to substantiate this for the sheep’s parotid. Changes in the anion composition 
of sheep’s parotid saliva produced during the initial phase of increased secre- 
tory activity of the gland are rather less complex than the cation changes, but 
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nevertheless the two phases are clearly indicated, and again a change of 
pattern occurs, continuing stimulation being associated with a fall in phos- 
phate concentration and a rise in combined bicarbonate and chloride 
concentrations. 


SUMMARY 


1. There is a two-phase relationship between the electrolyte composition of 
sheep’s parotid saliva and the rate of salivary flow. During the initial estab- 
lishment phase of 1-2 min duration following parotid motor nerve stimulation 
the concentrations of sodium, potassium, chloride, bicarbonate and phosphate 
show continuous variation and are different from those subsequently found in 
the established flow. 

2. After the initial phase has been completed there is a relationship between 
the ionic composition of saliva and its rate of production. Increasing salivary 
flow is associated with an increase in the concentrations of sodium and 
bicarbonate and a corresponding decrease in the concentrations of potassium 
and phosphate. There is no clear relationship between salivary flow and the 
concentration of chloride. 

3. During the initial phase of secretion following nerve stimulation the 
salivary concentrations of all ions are different from the concentrations which 
would be predicted from the subsequent concentration—flow relationships. 

4. The concentration changes of salivary cations during the initial phase of 
secretion are more complex than are the anion concentration changes. In both 
cases the concentration changes are complementary, and there is no significant 
change in the osmolarity of the saliva secreted over the entire range of flows. 


This work was aided by a grant from the Australian National Health and Medical Research 
Council. 
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OXYGEN CONSUMPTION AND THE ARTERIAL OXYGEN 
SATURATION IN FOETAL AND NEW-BORN LAMBS 


By G. H. ACHESON, G. 8. DAWES anp JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford ite 


(Received 15 October 1956) 


Recently it has been shown that the oxygen consumption of new-born babies 
(Cross, Tizard & Trythall, 1955), puppies and kittens (Moore, 1956a, 5) falls 
when they breathe gas mixtures of somewhat reduced oxygen content. Now 
the oxygen consumption of healthy adult mammals under ordinary conditions 
is independent of the oxygen tension of the circulating blood. Only when the 
oxygen pressure of the atmosphere is exceptionally low, as at great heights, 
is there evidence that oxygen tension may be a limiting factor to survival. 
The explanation of the observations on new-born animals is not therefore 
immediately obvious. 

Three possibilities may be considered. First, it is known that the lungs of 
new-born animals are relatively inefficient. The oxygen tension of the circula- 
ting arterial blood may therefore have fallen greatly when the oxygen content 
of the inspired air has been reduced to 10-15%. Secondly, it is possible that 
a small reduction in the oxygen tension of the circulating blood may have 
reduced oxygen consumption by an action on the central nervous system (e.g. 
by reduction of muscle tone and inhibition of shivering). Thirdly, it may be 
that, in the new-born animal, the oxygen consumption of the tissues is directly 
_ limited by a comparatively small reduction in the arterial oxygen tension, 
smaller, that is, than in the adult animal. It is with the third of these possi- 
bilities that this paper is mainly concerned. 

There is a further reason for interest in this problem. In the foetus the 
arterial blood is barely half saturated with oxygen, yet the relation between 
the arterial oxygen supply and oxygen consumption has never been studied. 
In the absence of this information it is impossible to assess the influence of 
foetal anoxaemia on survival. | 

We have therefore examined the relationship between arterial O, saturation 
and QO, consumption in anaesthetized foetal and new-born lambs, under 
conditions in which shivering and muscular movements do not occur. A 
preliminary account has been given elsewhere (Acheson, Dawes & Mott, 1956). 
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METHODS 


Foetal O, consumption was calculated from the umbilical blood flow and arteriovenous 0, 
difference. Sixteen ewes (4 Suffolk, 1 Kerry Hill and the remainder Clun-Hampshire), 79-138 days 
pregnant, were anaesthetized by intravenous injection of 10 mg/kg sodium pentobarbitone; 
anaesthesia was maintained by an intravenous infusion of sodium pentobarbitone 10-20 mg/kg/hr. 
The foetus was delivered by Caesarean section and umbilical blood flow was measured in a venous 
occlusion plethysmograph, whose temperature was about 38° C (Dawes, Mott & Rennick, 1956), 
using & modification of the system described by Greenfield (1949) and Cooper & Greenfield (1949). 
Blood samples (0-8-1-0 ml.) were withdrawn from catheters in small cotyledonary branches of 
the umbilical arteries and veins. Four other Clun-Hampshire ewes, whose duration of pregnancy 
was not known, were anaesthetized and delivered in the same way; since the lambs weighed 
3-47-6-63 kg they were probably within 2 weeks of term. Umbilical blood flow was measured by 
inserting a flow-meter into the abdominal umbilical vein (Dawes et al. 1956). Blood samples were 
withdrawn from a catheter in the femoral artery and from the tubing between the umbilical vein 
and the flow-meter. They were analysed for their 0, content and capacity by a modification of the 
Barcroft—Haldane method, using Warburg manometers (Born, Dawes & Mott, 1955). The foetal 
arterial 0, saturation was altered by supplying the ewe with gas mixtures of differing O, content 
through her tracheal cannula as described by Born, Dawes & Mott (1956). 

The O, consumption of new-born lambs was measured by ventilating the lungs with positive 
pressure from a Starling Ideal pump, attached to a closed circuit filled with 0,, a soda-lime 
canister and a spirometer recording on a kymograph. Twelve lambs (2 Welsh and the remainder 
Clun-Hampshire) of 136-144 days gestation age were delivered by Caesarean section under 
pentobarbitone anaesthesia. Many of these lambs were placed in a bath warmer than 38° C to 
prevent shivering. Four lambs (Clun-Hampshire) born naturally 12 hr-3 days previously were 
anaesthetized by intravenous injection of 2-5 mg/kg sodium pentobarbitone, supplemented by a 
slow infusion of pentobarbitone. Body temperature was measured by a thermometer in the 
oesophagus. The temperature was raised by both radiant and conducted heat, and heat loss was 
reduced by wrapping the legs in cotton wool. Cooling was effected by removing external sources of 
heat, and, when necessary, by covering the lambs with wet muslin and placing ice in the axillae 
and groins. Blood samples were withdrawn for analysis of the O, content from a carotid arterial 
catheter. The lamb’s arterial O, saturation was altered by varying the stroke of the respiration 
pump. 

In nearly all experiments the blood pressure was recorded from a carotid or femoral artery with 
a condenser manometer, and the pulse wave was used to operate a heart rate meter (Wyatt, 
19564, 6). These provided a valuable indication of the general condition of the lamb and of the 
depth of anaesthesia. 


RESULTS 
Oxygen tension and oxygen consumption 

Foetal lambs. The O, saturation of the blood differs in different parts of the 
foetal arterial system; that in the carotid arteries is normally about 62%, 
in the umbilical arteries 58% and in the pulmonary trunk 52% under our 
experimental conditions (Dawes, Mott & Widdicombe, 1954). We have there- 
fore selected, as the best single index of the tension of the 0, supply to the 
foetal tissues, the O, saturation of the umbilical arterial blood. 

Fig. 1 illustrates an experiment in which foetal 0, consumption was deter- 
mined at different levels of O, saturation in the umbilical artery. Anaesthesia 
was maintained at a steady level by means of a slow intravenous infusion of 
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sodium pentobarbitone into the ewe. After a period of equilibration, during 
which the ewe breathed air, blood samples were withdrawn simultaneously 
from the umbilical vein and artery. From the umbilical arteriovenous oxygen 
difference and the average of several measurements of umbilical blood flow 
made immediately before and after taking each pair of blood samples, the 
oxygen consumption of the foetus was calculated as follows: 

O, consumption = Q (v—a)xC ml./min, (1) 
where Q= umbilical blood flow, ml./min, 
v=umbilical venous O, saturation %,, 
a=umbilical arterial O, saturation %, and 
. C=O, carrying capacity of blood, ml./100 ml. 
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Fig. 1. Foetal lamb 611 B, 138 days gestation age, pentobarbitone anaesthesia. Blood samples 
from the umbilical vein (@) and artery (©), and from the abdominal inferior vena cava below 
the entry of the hepatic veins (@) were analysed for O, content and capacity, while the ewe 
was ventilated with air or 10% 0O,. The O, consumption (©) was calculated from the 
umbilical blood flow and the arteriovenous O, difference. 


When two or three such sets of observations had been completed, the oxygen 
saturation of the foetal blood was changed. In the instance depicted in Fig. 1, 
the ewe was given 10% oxygen in nitrogen to breathe and, after another 
period of equilibration, the umbilical blood flow and oxygen difference were 
measured, The observations were repeated when the ewe had been breathing 
air again for some time. Thus measurements of 0, consumption at a low 
arterial oxygen saturation were bracketed between measurements made when 
the ewe was breathing air. The calculated 0, consumption varied considerably, 
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even under equilibrium conditions. This variation was attributed to altera- 
tions in the estimated umbilical arteriovenous O, difference (which is small), 
resulting both from errors in measurement and from transient changes in the 
animal. Blood gas analyses were therefore duplicated and two or three sets of 
observations made at each level of arterial oxygen saturation. Fig. 1 shows 
that when the arterial saturation was reduced from a mean of about 48 to 
20%, O, consumption fell. In this experiment there was no overlap between 
any of the values calculated for foetal 0, consumption while the ewe was 
breathing 10% oxygen in nitrogen and those obtained when she breathed air. 

Ten such experiments were performed in lambs of from 117 to 138 days 
gestation. They are summarized in the middle part of Table 1. The averages 
of the observations shown in Fig 1. are given near the foot of Table 1 (lamb 
611B). Each figure in the table is the mean of several observations. Oxygen 
consumption varied considerably from one foetus to another. In order to 
relate oxygen consumption to umbilical arterial 0, saturation in different 
lambs we have represented the O, consumption/kg of all foetal lambs as 100 
when their umbilical arterial saturation was 48-60% (* in Table 1). The 
O, consumption of each animal at arterial O, saturations outside this range 
was then calculated and plotted against umbilical arterial saturation (Fig. 2). 
Oxygen consumption fell considerably when the arterial saturation was 
reduced below 35%. 

Fig. 1 also shows that when the umbilical arterial O, saturation fell, the 
saturation in the abdominal inferior vena cava (below the entry of the hepatic 
veins, closed circles) also decreased to a low value. The systemic arteriovenous 
O, difference was reduced, as may be seen by comparing the O, saturation in 
the inferior vena cava (closed circles) with that in the umbilical artery (open 
circles). Similar observations were made in five foetal lambs, and are sum- 
marized in Fig. 3. As the O, saturation of umbilical arterial and venous blood 
was reduced, the saturation of inferior vena caval blood fell less rapidly 
(interrupted line of Fig. 3). The difference between the slope of the inferior 
vena caval regression line (0-71) and that of the umbilical arterial regression 
line (0-5) is highly significant (P<0-01). When the umbilical arterial 0, 
saturation was less than 35%, the abdominal inferior vena caval saturation 
was less than 15%, corresponding to an 0, partial pressure of, say, 
10-13 mm Hg. It may be that the fall in O, consumption depends on a fall 
in the O, tension in the tissues below this level. 

New-born lambs. The observations recorded in Fig. 2 suggested that 0, 
consumption might rise even further if the arterial 0, saturation were increased 
above 60%. However, the O, saturation of the umbilical arterial blood did 
not rise above 68% in the foetal lambs used in these experiments, even when 
the ewe was given 100% O, to breathe. We therefore separated lambs from 
their mothers and ventilated their lungs with 100% oxygen from a respiration 
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pump, to which were attached a spirometer and soda-lime canister. The 
0, content of the arterial blood was varied by changing the pump stroke. 
After allowing several minutes to elapse so that equilibrium was established, : 
blood samples were withdrawn from the carotid artery and analysed to provide ; 
an index of the arterial O, tension. > 


Fig. 4 summarizes observations made on seven lambs newly delivered from 
their mothers (open circles) and on two lambs born naturally 1 and 3 days 
TaBLe 1. O, consumption of foetal lambs at different gestational ages 
and with different umbilical arterial 0, saturations 
% O, saturation 
Umbilical in umbilical 
Lamb Age Weight (ml./min), Vein, Artery, 
no. (days) (kg) Q v a 
603 B 79 0-32 35 89-5 55 
607 B 80 0-31 36 75 35 
610A 81 0-27 33 78 47 
601B 81 0-33 36 80-5 55 
609 A M4 0-40 59 79 38 
- 608A 87 0-52 86 52 37 
608 B 87 0-52 70 69 43 
612 117 2-13 178 80-5 52 
211 91 63-5 
638 119 3-71 394 83-5 50 
430 56 29-5 
683 126 3-33 323 48 30-5 
259 22-5 8-5 
282 80-5 58-5 
643 130 4-11 429 58-5 39 
433 80-5 59 
417 43-5 27 
606 131 3-79 388 54 31-5 
446 89 68 
311 48 
366 67 45°5 
649 132 4-36 491 75-5 49-5 
436 94 
628A 133 3-30 219 82-5 59-5 
177 76 46 
160 55 24-5 
653 B 134 4-27 429 21 75 
415 78 54-5 
647B 135 3-66 342 75-5 51 
309 44 22 
611B 138 5-23 457 72-5 48-5 
413 40-5 20 
4118 + 6-63 490 89 53 
4-92 340 93 68 
456 4-22 303 81 48 
458B + 3:47 312 84 55 
4 * Values taken as 100 for Fig. 2. 
t The gestation age of these lambs was not known accurately; they were believed to be within 


2 weeks of term, as the foetal weight suggests. 
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Fig. 2. Observations on ten foetal lambs, 117-138 days gestation age (see Table 1). The rate of 
O, consumption, expressed as a percentage of that observed when the umbilical arterial 
O, saturation was 48-60%, (—) has been plotted against the umbilical arterial O, saturation. 
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Fig. 3. Observations on five mature foetal lambs. As the oxygen saturation of blood in the 
umbilical artery is reduced, thatin the abdominal inferior vena cava below the entry of the 
hepatic veins (@) also falls, but less rapidly, so that the systemic arteriovenous O, difference 
decreases. The difference between the O, saturation in the umbilical artery and that in the 
umbilical vein (OQ) does not alter significantly. 
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previously (closed circles), The figure includes only results obtained when the 
lambs were not obviously shivering, nor panting, nor making muscular move- 
ments. O, consumption has been expressed as a percentage of that observed 
when the carotid arterial O, saturation was 47-73% and each point is the 
mean of several observations. In new-born as in foetal lambs the oxygen 
consumption fell when the arterial saturation was reduced below 35 %. There 
was no significant change in OQ, consumption when the arterial 0, saturation 
was raised from 60 to 100%. The scatter of the observations was large, although 
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Fig. 4. Observations on seven new-born lambs, delivered by Caesarean section 1-2 hr previously 
(©), and on two lambs born naturally 1 and 3 days previously (@). The rate of 0, consumption, 
measured by a spirometer attached to a closed circuit respiration pump, and expressed as a 
percentage of that observed when the arterial 0, saturation was 47-73%, (—) has been 
plotted against the carotid arterial O, saturation. 

0, consumption was measured by a simple and direct method. The causes of 

this variation are interesting, and probably include both imperceptible 

shivering and small temperature changes (although the lambs were in a warm 
bath in many of these experiments). 

Shortly after delivery from the ewe on to a heated table, most new-born 
lambs began to shiver. This shivering had a respiratory rhythm but was not 
affected by vagotomy; it greatly increased O, consumption. In order to 
obtain results comparable with those in foetuses it was necessary to find out 
how to abolish shivering. In three lambs additional intravenous injection of 
sodium pentobarbitone (7—10 mg/kg) greatly reduced or abolished shivering, 
but in other experiments this drug also lowered O, consumption in the absence 
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of noticeable shivering. In one lamb administration of 7%, CO, in the ventila- 
ting gas decreased but did not abolish shivering. A large decrease in arterial 
O, saturation abolished shivering in five lambs, but the most certain way was 
to keep the (anaesthetized) lamb’s temperature at not less than 38° C. 

The effect of temperature on O, consumption was also studied, independently, 
in three new-born lambs which were sufficiently deeply anaesthetized to 
abolish shivering. Fig. 5 illustrates a representative experiment, which shows 
that O, consumption may increase by as much as 50% when the body tempera- 
ture is raised from 35-40° C. 
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Fig. 5. New-born lamb, 3 days old, ventilated by a pump, under pentobarbitone anaesthesia. 
The O, consumption is plotted against intra-oesophageal temperature during cooling (O) 
and warming (@). 


Cardiovascular changes. A general description has already been given of the 
cardiovascular response to oxygen lack in the mature foetal lamb (Born, 
Dawes & Mott, 1956). The foetal lambs used in the present experiments 
mostly reacted in the same way, with a rise of blood pressure and heart rate. 
In no experiment was there a fall of heart rate during the period of anoxaemia, 
even though the umbilical arterial saturation was sometimes less than 10°. 
In only one lamb was there an unequivocal fall of blood pressure, and this 
did not exceed 10 mm Hg. 

The new-born lambs also reacted with a rise of blood pressure and heart rate, 
often of considerable magnitude. Only in one experiment was there evidence of 
impending circulatory failure, when the blood pressure fell from 60 to 
35 mm Hg in less than a minute, and the rate of 0, consumption was halved, 


at an arterial O, saturation of 14%; the heart was still beating at about 
250/min, however. 
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Oxygen consumption and gestation age 

We may now consider the oxygen consumption of lambs during the second 
half of gestation and the early neonatal period. As Table 1 shows, the O, 
consumption per kg of foetus does not change significantly during the latter 
half of gestation, provided that due account is taken of the umbilical arterial 
0, saturation at which the observations are made. Thus in seven lambs of 
79-87 days gestation the mean O, consumption was 4-0 + 0-8 (s.p.) ml./kg/min, 
while in fourteen lambs of 117-138 days gestation it was 3-7 + 0-9 ml. /kg/min 
(using from the middle part of Table 1 only those values marked with an 
asterisk). 
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Fig. 6. Foetal lambs. Umbilical blood flow, measured by venous occlusion plethysmograph, has 
been plotted against gestation age, to compare the observations of Cooper, Greenfield & 
Huggett (1949) on Welsh lambs (©) with ours on lambs of other breeds (@). 


The O, consumption of new-born lambs delivered by Caesarean section, 
separated from the mother and artificially ventilated for 1-2 hr, was in the 
same range as that of foetal lambs. In twelve lambs of 136-144 days gestation 
age the O, consumption was 4-5 + 1-2 ml./kg/min. This provides a useful check 
between the methods of measuring 0, consumption in foetal and new-born 
lambs. In lambs which are more than 12 hr old, however, there is evidence 
that O, consumption is much increased, a phenomenon which will require 
further investigation. 

Inspection of equation (1) shows that there are three variables to which 
the foetal oxygen consumption is related, the umbilical arteriovenous O, 
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7 difference, the O, capacity of the blood and umbilical blood flow. The arterio- 
s venous 0, difference does not change appreciably during the latter half of 
gestation (Table 1). The oxygen capacity of the blood rises by about 30%, 
| (Born, Dawes & Mott, 1956). However, total umbilical blood flow increases In th 
| greatly. Fig. 6 combines our observations on umbilical flow, made soon after the 1 
| delivery, on lambs of large breeds (14 Hampshire, 4 Suffolk and 1 Kerry Hill) must 
with those of Cooper, Greenfield & Huggett (1949) on eighteen Welsh lambs oh 
the | 
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Fig. 7. Foetal lambs. Umbilical blood flow per kg body weight (ordinates on the left) has been at gi 
plotted against gestation age using the date of Cooper, Greenfield & Huggett, 1949 (0, - - -) oxyg 
and our observations (@,—). The thin continuous curved line indicates the weight increase : 
0%, per day (ordinates on the right), calculated as described in the text. oa 
t 
which were in good condition. The agreement between the two groups of decr 
observations is good, a fact which is no doubt related to the similarity between view 
the growth rate of Welsh lambs and those of the other breeds (Dawes, 1956). Hou 
There is a greater scatter in the range of observations during the last 2 weeks men 
of gestation, which is partly due to the greater variation in weight at this tion 
period. There was a reduction of umbilical blood flow per kg body weight, Lilie 
between 80 days gestation and term, of 37% according to Cooper et al. (1949) tion 
and of 30% according to our measurements (Fig. 7). This reduction of to 0- 
umbilical blood flow approximately counterbalances the small increase in at th 
oxygen capacity of the blood. of hi 
blooc 
altiti 


OXYGEN CONSUMPTION OF LAMBS 633 


DISCUSSION 
Oxygen consumption and arterial Oxygen tension 

In the experiments on foetal lambs the supply of oxygen was reduced, whereas 
the new-born lambs were underventilated. Thus in the latter carbon dioxide 
must have accumulated. However, in neither foetal nor new-born did the 0, 
consumption fall until the arterial 0, saturation was reduced below 35%. 
This corresponds to an arterial 0, tension of about 20 mm Hg, according to 
the published foetal and new-born dissociation curves at 38° C and a pCO, 
of 50 mm Hg (Barcroft, 1946; Barron & Meschia, 1954; Born, Dawes, Mott & 
Rennick, 1956). Hypoxia causes a movement of the dissociation curve to the 
right in vivo, even in the presence of a constant pCO,; the pCO, may also 
have varied. Therefore the estimate of arterial O, tension given above can 
only be very rough. 

Muscular activity increases oxygen consumption and, in the form of shiver- 
ing, makes an important contribution to heat production. In these experi- 
ments muscular movements, and particularly shivering, were deliberately 
reduced to a minimum to avoid this variable factor, and in order that it 
should be the O, supply to the tissues, rather than an effect on the central 
nervous control of muscle tone, which was the limiting factor. In the absence 
of shivering, a fall in body temperature lowers oxygen consumption (Fig. 5). 
In the experiments on hypoxaemia the reduction of O, consumption was not 
due to a fall in body temperature because the lambs were immersed in a bath 
at approximately their deep body temperature. 

Acclimatized adult man. Barcroft (1946) compared foetal life to adult life 
at great altitudes, since both involved survival at a low partial pressure of 
oxygen. The foetal circulation also has some analogies with that in children 
with congenital cardiac malformations and central cyanosis. 

It has generally been believed that the O, consumption of man does not 
decrease at low partial pressures of oxygen. In the experiments on which this 
view is based, however, survival was naturally of paramount importance. 
Houston & Riley (1947) found no reduction of oxygen consumption in four 
men acclimatized to an altitude of 20,000 ft. in whom the arterial O, satura- 
tion fell to 52%, corresponding to an O, tension of 29 mm Hg. The data of 
Lilienthal, Riley, Proemmel & Franke (1946) indicate some fall of O, consump- 
tion in six men from 0-285 1./min at a mean arterial O, tension of 94-2 mm Hg 
to 0-25 1./min at 36-3 mm Hg. Only one subject had a higher O, consumption 
at the lower tension, and their results suggest that these men were on the verge 
of having their 0, consumption limited by the O, tension of their arterial 
blood. This is perhaps the more likely since the energy consumption of their 
cardiovascular and respiratory systems was almost certainly greater at high 
altitude than at sea level. It is common knowledge that the problems of 
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mountaineering become more acute above 20,000 ft, at which Houston & 
Riley (1947) found an arterial O, tension of 29 mm Hg. 

Several groups of workers have measured the O, consumption of patients 
suffering from cyanotic heart disease. Neither Burchell, Taylor, Knutson & 
Wood (1950), Ernsting & Shephard (1951), nor Davison, Armitage & Arnott 
(1953) found any such patients whose basal metabolism was outside the 
normal range for their physique. However, in very few of these patients was 
the arterial O, tension less than 40 mm Hg. Bing, Vandam, Handelsman, 
Campbell, Spencer & Griswold (1948) claimed that the basal metabolic rate 
was reduced in twenty-eight of thirty such patients. There was, however, no 
correlation between arterial 0, tension and metabolic rate, and their conclu- 
sions have been criticized because of the difficulty in referring the estimated 
basal O, consumption of these patients to normal standards. 

The general conclusions to be drawn from these, and many other, observa- 
tions on man acclimatized to low oxygen tension is that no reduction of oxygen 
consumption has been observed when the arterial O, tension exceeded 
40 mm Hg. As arterial 0, tensions of 30 mm Hg and below were approached, 
there may have been some decrease of O, consumption. As far as the experi- 
ments go, therefore, they agree with the results here reported in lambs. 

Acute experiments on adult animals. In adult animals there is clear evidence 
that O, consumption falls when the oxygen content of the inspired air is much 
reduced (to 6% or below). Harrison & Blalock (1927) used dogs and con- 
cluded that ‘when the arterial O, saturation was less than 40%, a definite 
diminution in oxygen consumption was found, the degree of diminution being 
roughly proportional to the severity of the anoxaemia’. Cordier & Mayer 
(1935), Lewis & Gorlin (1952) and Gorlin & Lewis (1954) confirmed these 
observations on dogs. Observations from the published tables of the last two 
authors have been plotted in Fig. 8 to show the general similarity between 
their findings and those on foetal and new-born lambs (Figs. 2 and 4). Harrison 
& Blalock (1927) and Gollwitzer-Meier (1928) showed that there was at first 
a large increase in cardiac output, as well as in blood pressure, pulse rate and 
ventilation, as the arterial saturation fell; it is not therefore surprising that 
O, consumption was somewhat increased at an arterial O, saturation of 
60-70% (Fig. 8). As the arterial O, saturation fell below 40%, corresponding 
to less than 6% O, in the inspired air, there was evidence of progressive 
circulatory and respiratory failure with a large rise in venous pressure, 
bradycardia (Greene & Gilbert, 1922; Sands & DeGraff, 1925; Gollwitzer- 
Meier, 1928) and dilatation of the heart (heart-lung preparation; Gremels & 
Starling, 1926). 

Lewis & Gorlin ventilated their dogs with 10% O, for up to six hours; the 
arterial O, saturation (73-93% on air) fell to 44-79%. On ventilation with 
2-5-4:7% O, the arterial O, saturation fell to very low values within a few 
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minutes, and O, consumption then decreased as indicated in Fig. 8. It is only 
fair to add that the dogs might then have been in acute circulatory failure, and 
not in an equilibrium condition. Cordier, Magne & Mayer (1930) stated that 
dogs tend to die suddenly before their 0, consumption is much reduced, whereas 
rabbits will withstand 4% O, fairly readily. Indeed Hamon, Kolodny & 
Mayer (1935) have succeeded in keeping unanaesthetized rabbits for 24 hr in 
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Fig. 8. Observations on adult dogs by Lewis & Gorlin (1952) and Gorlin & Lewis (1954). The 
rate of O, consumption, expressed as a percentage of that observed when the dogs were 
breathing air with an arterial O, saturation 73-93 % ( ), has been plotted against arterial 
O, saturation when breathing low O,:N, mixtures. 


an atmosphere of 3-5% oxygen, with survival; oxygen consumption was 
reduced by about 20% and there was a considerable fall in body temperature 
(to 29-7° C in one rabbit). This is the more remarkable in view of Jarisch 
& Wastl’s (1926) observation of circulatory failure in rabbits, with dilatation of 
the heart at an arterial O, saturation of 40-50% (6% O, in the inspired air), 
albeit with the chest open and a cardiometer applied to the heart. 

Some illuminating experiments have also been performed on cats. There 
was no change in O, consumption when the 0, content of the inspired air was 
reduced to 13:3% (Doi, 1921). Rather more severe hypoxia temporarily 
diminished shivering (Burton & Bronk, 1955; Hemingway & Birzis, 1956; as in 
dogs, Hemingway & Nahas, 1952), but also, when shivering was abolished 
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by decerebration or deep anaesthesia, there was a further diminution of O, 
consumption in cats given 6% or less oxygen to breathe. 

These short-term experiments in animals show that O, consumption may 
be (temporarily) diminished at quite high arterial O, saturations by inhibition 
of shivering, and that a fall in O, consumption at lower arterial saturations is 
associated with circulatory failure. 

Mice, in contrast to larger mammals, show a fall of O, consumption and of 
temperature on inhalation of even 13-6-14-7 % O, (Chevillard & Mayer, 1935). 
Similarly, the oxygen consumption of rats is reduced by as much as 30% 
_ when they are given 10% oxygen to breathe (Lintzel, 1931; Fliickiger, 1956) 
provided that the environmental temperature is less than 35-37° C (Blood, 
Glover, Henderson & D’Amour, 1949). This difference may be related to the 
mechanism for maintenance of a high metabolic rate in these small animals. 

New-born man and animals. Cross et al. (1955) observed a fall in the O, 
consumption of new-born babies when given 15% O,. Moore (1956a, 5) 
found a similar fall in new-born puppies and kittens breathing 7-12% 0O,. 
These are all higher than the values observed for adult animals of the same 
species. In the new-born mouse, however, oxygen consumption was unaffected 
until the O, tension of the atmosphere was 65-80 mm Hg (Fitzgerald, 1953) 
which corresponds to about 9-11% O, at atmospheric pressure, and is thus 
less than the value observed in the adult mouse (Chevillard & Mayer, 1935). 

There may be a number of reasons why it is comparatively easy to demon- 
strate, in new-born animals, a progressive limitation of O, consumption when 
the supply of oxygen is reduced. An adult cat or dog whose arterial O, satura- 
tion is 30% or less is liable to sudden death, but the heart of the new-born 
animal will continue to work for a surprising length of time with almost no 
oxygen in the circulating blood. Moreover, in the adult, cardiac. output may 
increase fourfold as arterial O, saturation is reduced, and the systemic arterio- 
venous Q, difference will then decrease 75%. A large fall in arterial O, 
saturation may thus occur with only a small reduction in venous saturation, 
and hence with no restriction on O, supply to the tissues. Indeed at this stage 
O, consumption is raised, because of the increased work of the heart and 
respiratory muscles. If cardiac output were not increased (and autonomic 
nervous control of the circulation is believed to be poorly developed in many 
species at birth), then venous O, saturation would fall in proportion as arterial 
saturation fell and O, consumption would become limited at a higher arterial 
saturation. It is therefore interesting that MacKay Sawyer, Schlossberg & 
Bright (1933) found that sympathectomized cats were less well able to resist 
oxygen lack than normal cats. 

There are other difficulties of interpretation. The QO, tension or saturation 
of the arterial blood was not measured in the babies, puppies or kittens, and 
cannot be deduced from the available data. It is known that the lungs of 
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new-born animals function imperfectly; the O, content of the inspired air is 
therefore an unreliable guide to that of the circulating blood. The latter may 
have fallen so low as to limit the consumption of oxygen either by abolishing 
shivering and normal muscle tone (through an action on the central nervous 
system), or by reducing the partial pressure gradient of oxygen to the tissues 
themselves. 

In lambs the patency of the ductus arteriosus for some while after birth 
enables arterial blood which is not fully saturated with O, to flow from the 
aorta through the lungs. The systemic arterial O, saturation is thus raised 
above the value observed when the ductus is artificially occluded (Dawes 
@ al. 1955; Born, Dawes, Mott & Rennick, 1955). In three instances the 
carotid arterial O, saturation fell from 50-60% to 20-30% when the ductus 
was occluded. The observations recorded in the present paper suggest that a 
fall of this magnitude would reduce the 0, consumption of the lambs, perhaps to 
_ dangerously low levels, and thereby compromise survival. This reinforces the 
hypothesis that the patency of the ductus arteriosus after birth may be of 
value until the lungs are functioning well. 

Foetal lambs and balies. These experiments also provide some indication of 
the effects which may be expected from a reduction in the oxygen supply to 
the foetus. In the lamb the umbilical arterial O, saturation normally exceeds 
50°% (>25 mm Hg tension). There is therefore some margin before it reaches 
35%, and O, consumption of the foetal tissues begins to fall. In the mature 
foetal lamb, in which the autonomic nervous system is functional, there will 
be an increase of heart rate and blood pressure, and therefore of umbilical 
blood flow, before the oxygen saturation falls very far (Born, Dawes & Mott, 
1956). Whether a foetal lamb accumulates an oxygen debt during anoxaemia, 
or whether the intermediary products of metabolism may be transferred 
across the placenta to the mother, is as yet unknown. 

In the human infant at normal spontaneous vertex delivery, or at elective 
Caesarean section, the average O, saturation of umbilical arterial blood is 
lower than that of the lamb at term. The mean figure given by a number of 
authors under a wide variety of operative conditions varies from 9-8 to 33%, 
corresponding to an O, tension of about 8-16 mm Hg (Eastman, 1930; Hasel- 
horst & Stromberger, 1930; Smith, 1939; Clemetson & Churchman, 1953; 
Walker, 1954; Beer, Bartels & Raczkowski, 1955; Rooth & Sjéstedt, 1955). 
The cineangiographic evidence of Lind & Wegelius (1954) suggests that the 
foetal circulation in the baby resembles that in the lamb; it is therefore the 
umbilical arterial 0, tension (and not the umbilical venous) which is representa- 
tive of the blood supply to the foetal tissues. If the O, tension of cord blood 
on delivery is similar to that in utero, then the average baby may be con- 
sidered grossly asphyxiated at term. Alternatively, and more probably, the 
conditions under which the blood samples were taken, although excellent by 
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ordinary obstetrical standards, may have been suchas to give a false impression 
of the conditions of intra-uterine life. That this is so is suggested by the very 
wide range of umbilical arterial 0, saturations observed in babies on delivery; 
a small proportion have an umbilical arterial 0, saturation which exceeds 50%. 


Oxygen consumption during the latter half of gestation 
Our observations showed no significant change in the O, consumption of 


foetal lambs per kg body weight during the latter half of gestation, under — 


similar conditions of anaesthesia. Other workers measured the O, consumption 
of foetal lambs by different methods. The observations of Cohnstein & Zuntz 
(1884) are clearly not comparable, because as Barcroft (1946) has pointed out, 
the insertion of a flow-meter into an umbilical artery in their experiments had 
greatly reduced umbilical flow. Barcroft, Kennedy & Mason (1939) tied the 
umbilical cord in seven lambs delivered from ewes under spinal block, measured 
the rate of decrease of arterial O, content, and used an estimate of foetal 
blood volume to calculate O, consumption. Barcroft & Elsden (1946) com- 
puted O, consumption by multiplying the umbilical arteriovenous O, difference 
by half the cardiac output, as determined by Barcroft & Torrens (1946); the 
latter used a cardiometer and added 15% to their measurement to allow for 
coronary blood flow in six lambs (the anaesthetic was not recorded). Carlyle 
(1948) measured the O, uptake of tissue slices from the major organs, multi- 
plied these by organ weights, and hence arrived indirectly at an estimate of 
basal O, consumption in six pairs of lambs. All these observations, together 
with our own, are assembled in Fig. 9. Considering the different method» 
employed, there is good agreement between the various observations on foetal 
lambs from 110 days gestation onwards. The largest discrepancies are the 
three estimates of O, consumption made by Barcroft & Elsden (1946) in 
lambs of 95-108 days gestation. Few details of these experiments are available 
but the method used may involve large errors, This is the more likely because 
although there is some justification for the assumption that on the average 
half the foetal cardiac output flows through the lamb’s placenta at term 
(Dawes et al, 1954), there is no information as to the reliability of this assump- 
tion earlier in gestation. There are also insufficient observations either in 
Barcroft & Elsden’s series or in Carlyle’s, at any one period of gestation, to 
estimate the variation in the O, consumption between individual lambs as 
calculated by these methods. 

Barcroft (1946), Barcroft & Torrens (1946) and Carlyle (1948) all concluded 
that O, consumption fell with increasing gestation age in the lamb. However, 
this is in contrast to the results of earlier experiments on goats (Barcroft, 
Flexner & McClurkin, 1934). The balance of evidence now seems to suggest 
that there is little change in O, consumption per kg body weight during the 
latter half of gestation. 
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Umbilical blood flow. It is clear that the most influential variable in foetal 
oxygen transport is the umbilical blood flow. Our estimates of umbilical 
blood flow at different gestational ages agree very well with those of Cooper 
et al. (1949). This is particularly satisfactory because although we both used a 
venous occlusion plethysmograph, Cooper et al. compressed the whole umbilical 
cord while we occluded the abdominal umbilical vein alone. Moreover, our 
observations were made mainly on Hampshire lambs delivered under bar- 
biturate anaesthesia on an operating table, while they used Welsh lambs 
delivered under spinal block into a saline bath. 
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Fig. 9. Foetal lambs, Observations on 0, consumption per kg body weight with increasing 
gestation age, according to Barcroft et al. 1939 ((}); Barcroft & Elsden, 1946 (@); Carlyle, 
1948 (Q); and this paper (@). 

The maintenance of the foetal O, consumption at a steady rate per kg 
body weight is accounted for by the great increase of umbilical blood flow, 
which occurs as the animal grows. This is the more remarkable because in the 
sheep the placenta reaches its greatest weight at 80-90 days gestation. The 
volume of blood in the placenta also scarcely increases after this period, 
although the blood volume of the foetus increases fourfold between then and 
term (Barcroft, 1946). 

Although total umbilical flow increases steadily, the flow per kg of foetal 
body weight falls slightly with increasing gestation age. Cooper et al. (1949) 
related this fall to the percentage weight increase per day, which likewise 
decreased towards term. Huggett & Widdas (1951) found the relation between 
foetal weight (W, g) and age (t, days) was given by Wt=a(t—6) where a=0-149 
_ and 6=38-6. Our own observations conform well with this equation (Dawes, 
1956). 
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Now growth rate 


dw 
and % weight increase/day = x 


This tends to infinity at t=38-6 days and is not a linear function. The © 


additional data assembled in Fig. 7, and particularly those between 80 and 
100 days gestation, do not support the suggested correlation between the 
umbilical flow/kg and the ° weight increase/day. 

The small fall in umbilical blood flow/kg is just about offset by the rise in the 
O, capacity of the blood during the second half of gestation, so that both O, 
consumption/kg and the systemic arterial O, saturation (Born, Dawes & Mott, 
1955) remain approximately constant. This suggests that umbilical blood flow 
may be indirectly controlled by the oxygen tension of the arterial blood. 
There is some evidence for this view. In the mature lamb, in which autonomic 
nervous control is well established, moderate anoxaemia causes a rise of heart 
rate, blood pressure and umbilical blood flow (Born, Dawes & Mott, 1956). 
Injection of hexamethonium causes a fall of blood pressure and of umbilical 
blood flow. The blood pressure rises during the latter half of gestation, and 
umbilical blood flow increases concomitantly. These observations support the 
hypothesis that umbilical blood flow is mainly regulated by the level of the 
arterial blood pressure, which is dependent on the integrity of the autonomic 
nervous system, and is thereby increased during anoxaemia. 


SUMMARY 


1. The rate of O, consumption has been calculated in foetal lambs from 
measurements of umbilical blood flow and arteriovenous O, difference. The 
rate of O, consumption has also been measured in newly delivered lambs by a 
spirometer connected to a closed-circuit respiration pump. In anaesthetized 
foetal and new-born lambs, in which shivering was avoided, 0, consumption 
decreased when the arterial O, saturation fell below 35%. 

2. These observations are discussed in relation to the effect of changes in the 
O, content of the inspired air on O, consumption in new-born and adult 
animals, and to the conditions of intra-uterine life. 

3. The rate of O, consumption per kg body weight did not alter significantly 
during the last half of gestation in lambs, in spite of a great increase in foetal 
weight. This is mainly due to a large rise in umbilical blood flow. Since 
arterial O, saturation does not alter appreciably over this period, and since 
anoxaemia causes an increase in blood pressure and umbilical flow in mature 
lambs, it is suggested that the oxygen tension of the arterial blood may be one 
of the principal determinants of umbilical flow towards the end of gestation. 
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THE IODIDE CONCENTRATING MECHANISM OF 
THE MAMMARY GLAND 


By K. BROWN-GRANT 


From the Chemical Defence Experimental Establishment, 
Porton, near Salisbury, Wilts 


(Received 19 October 1956) 


The ability of the thyroid to accumulate iodide against a concentration gradient 
and to maintain a high gland/plasma concentration ratio is well known and 
forms an important aspect of the physiology of this gland. These properties 
are not, however, unique to the thyroid; iodide concentrating mechanisms in 
the salivary glands and in the gastric mucosa have been known for some time. 
More recently, Logothetopoulos & Scott (1956) have described a placental 
iodide concentrating mechanism, and Halmi, Stuelke & Schnell (1956) have 
suggested that, at least in the rat, there may also be some hepatic concentra- 
tion of iodide. A further extra-thyroidal iodide concentrating mechanism is 
that of the mammary gland which has been studied in man by Honour, 
Myant & Rowlands (1952) and in the rabbit by Brown-Grant (1956a). In 
this species the concentration of I in the milk was shown to be abolished 
by large doses of thiocyanate. It seems possible that studies of these extra- 
thyroidal mechanisms may help towards a better understanding of the work- 
ings of the thyroid ‘iodide trap’. In the present paper further in vivo studies 
on the mammary glands of rabbits and of other laboratory animals will be 
presented. A preliminary account of some of the findings has already been 
published (Brown-Grant, 1956). 


METHODS 

Animals. All experiments were performed on anaesthetized lactating female animals. The 
anaesthetic agent was pentobarbitone sodium B.P., 40-60 mg/kg body weight, administered 
intravenously or subcutaneously. Rabbits of mixed strains, 2-6-3-6 kg body weight, were used; 
the animals were fed on a pellet diet (Parkes diet 18, with a mineral supplement not containing 
iodide), hay and tap water ad lib. The experiments were performed 9-12 days post partum; the 
litters were removed overnight and allowed to suck on the morning of the experiment. The 
animals were anaesthetized about an hour later, the abdominal hair clipped and the animals 
placed in @ supine position on a heated operating table. There are generally eight functioning 
breasts in the lactating rabbit and usually the lower six or sometimes the middle four were used. 
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Milking was carried out by suction, aided by gentle manual compression of the breasts as 
described by Popjak, Hunter & French (1953) after the intravenous injection of 200 m-u. oxytocin 
(‘Pitocin’, Parke, Davis and Co.) in 0-2 ml. of 0-9% NaCl solution. The breasts were routinely 
emptied as far as possible before the subcutaneous injection of 10yuc of I (as carrier-free Nal 
in a volume of 0-2-1-5 ml. of distilled water) at the beginning of the experiment (0 min). Milking 
was repeated at 45-75 min intervals for periods up to 6 hr. With the dose of oxytocin used there 
was no falling off in the visible response of the mammary glands or of the milk yield with repeated 
injections at these intervals. The usual milk yield under these conditions was about 0-25-1-0 ml. 
of milk/breast/hour, corresponding to a calculated daily yield per rabbit of 48-192 ml. This may 
be compared with the average daily figure of 127 g (range 44-282 g) obtained by Cross & Harris 
(1952) in chronic experiments with rabbits on a once-daily suckling regime. Although precise 
measurements of the milk yield were not made in detail, there was no indication of any marked or 
systematic change during the course of any one experiment. Changes in the radio-iodide concentra- 
tion were not associated with changes in the milk yield. Blood was drawn from the marginal 
vein of the ear into tubes containing a small amount of dry heparin powder and centrifuged to 
obtain plasma samples for assay. 

Experiments were also performed on albino guinea-pigs (Dunkin-Hartley strain), 630-820 g 
body weight, 7 or 8 days post partum and maintained on Parkes diet 18 with supplement, hay and 
tap water ad lib. plus a small daily ration of green food; on rats (Wistar albino strain) 290-320 g 
body weight, 10-12 days post partum, and on albino mice (Porton strain) 37-49 g body weight, 
10 or 11 days post partum. The rats and mice were maintained on Thomson’s (Rowett) cubes 
with mineral supplement and tap water ad lib. The experimental procedure consisted of suckling 
in the morning and anaesthesia about one hour later (ether plus pentobarbitone) followed by 
saline or thiocyanate subcutaneously at 0 min and I subcutaneously at +30 min. At +120 min 
the animals were milked after the injection of oxytocin, bled and killed. Individual, or in the 
case of the mice, pooled samples of milk and plasma were analysed for™'I and thiocyanate content. 

Estimation of radioactivity. Carrier-free radio-iodine (I) obtained from the Radiochemical 
Centre, Amersham, was used in all experiments. Known volumes of the fluids to be assayed were 
diluted to 10 ml. with distilled water and counted in an M6 liquid counter with conventional 
scaling apparatus to a statistical accuracy of at least + 4%. Many assays were performed in 
duplicate. All activities were expressed as counts/100 sec after appropriate corrections for back- 
ground counts and isotope decay. 

Chemical estimations. Thiocyanate, expressed as .g KSCN/ml., was determined in duplicate by 
the method of Bowler (1944); absorption was measured with a 1 cm light path at 460 mp. Recovery 
of thiocyanate added to rabbit plasma in vitro was 102% (mean of 6 expts.) and from rabbit milk 
was 98% (mean of 5 expts.). Discrepancy between duplicates was only rarely greater than 5%. 
Chloride estimations were performed in duplicate on milk and plasma by the method described by 
Consolazio, Johnson & Marek (1951). 

Chemicals. The following salts were dissolved in distilled water and injected subcutaneously in 
volumes of 1-4 ml. in the case of rabbits and guinea-pigs and 0-2 ml. in the case of rats and mice, 
in the doses indicated in the text: KBr, KBrO,, KCl, KI, KIO,, KNO,, KSCN and NaCl, all A.R. 
grade, and KClO, (L.R. grade). 4-Methyl-2-thiouracil (British Drug Houses, L.R. grade) was 
dissolved in weak alkali and injected intraperitoneally and subcutaneously. 


RESULTS 
The milk/plasma (M/P) ratio for *11 in normal rabbits 
Three rabbits were injected with radio-iodine and milk, and plasma samples 
collected as described for periods of 3-6 hr. A high concentration of ™I 
relative to the plasma was found in the first milk sample at 45 min after 


injection and in all subsequent samples. One of these experiments is illustrated 
41-2 
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in Fig. 1. The M/P ratios were based on the mean plasma concentration during 
the period of milk secretion determined from the graph by interpolation at the 
mid point of this period except for the first period immediately after injection; 
for this, a value of two-thirds the plasma level found at the first determina- 
tion was used, The three experiments all gave similar results and the actual 
findings are shown in Table 1. 


1500 r 


L17. 26/6/56 
Milk 


102 119 133 155 140 


bie 300 («360 


Fig. 1. Plasma (@) and milk (©) radioactivity after the injection of 10uc I subcutaneously 


at 0 min in a normal rabbit. Calculated M/P ratios are shown. 


Tas iz 1. Milk/plasma ratios for "I, determined as described in the text in 3 normal and 1 methy!- 
thiouracil-treated rabbit: upper figures indicate time in min after injection of ‘I at which 
milk was collected; lower figures are M/P ratios 


Rabbit 
no. 
Ll 36 
6-1 
L16 45 
15-3 
Lli 45 
91 
L18* 45 
13-8 


Serial milk/plasma ratios 

3 4 5 

120 180 = 

8-5 8-6 

150 240 285 
33-5 33-8 33-4 

140 220 290 
11-9 13-3 15-5 

145 210 270 
17-6 17-6 17-0 


A fourth rabbit was injected with 100 mg of methylthiouracil intraperi- 
toneally 75 min, and again subcutaneously 15 min before the administration 
of *J. A further 100 mg was injected subcutaneously during the course of the 
experiment. These doses are known to produce a complete inhibition of the 
organic binding of “I by the rabbit thyroid (Brown-Grant & Gibson, 1955), 
but had no effect on the establishment and maintenance of the M/P ratio, 
as may be seen from the figures for rabbit L18 in Table 1. 
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The effect of various anions on the M/P ratio for 1 

The experimental procedure was as follows. After the collection of the first 
and second sets of milk and blood samples at about 45 and 90 min after the 
administration of I, the rabbits were injected subcutaneously with the salt 
under investigation. The standard dose used was 100 mg of KSCN; this amount 
is known to produce a rapid and complete discharge of "I from the thyroid of 


2500 
110 
= 
1000} 50's 
4 


Fig. 2. Plasma and milk radioactivity before and after the injection of 100 mg KSCN: there is 
a rapid fall in the level of “I in the milk and a rise in the plasma level; the M/P ratio falls to 
unity. Milk and plasma thiocyanate levels are also shown; this anion is not concentrated 
in the milk. O——O, ™I; @——@, plasma “I; O---O, milk thiocyanate; 
@ —-—-@, plasma thiocyanate. 


the thiouracil-treated rabbit (Brown-Grant & Gibson, 1955). Except where 
| specifically mentioned molar equivalents of the other potassium salts were 
used in these tests. The M/P ratio was determined for periods up to 4 hr after 
injection of these salts. 

Thiocyanate. Two rabbits were injected with 100 mg of KSCN. There was a 
rapid and marked fall in the M/P ratio for **I, which in one case fell to unity. 
| Fig. 2 illustrates one of these experiments and details are given in Table 2. 
A similar but less marked effect was seen after the injection of 10 mg of 
KSCN (Expt. 3, Table 2). 
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Perchlorate, iodide, iodate, bromate and nitrate. The results of experiments in 
which these anions were administered are given in Table 2, Expts. 4-9. 
Perchlorate had the most marked effects, a dose equivalent to 12-5 mg of 
KSON resulting in a fall in the M/P ratio almost as great as that seen after 
100 mg KSON and considerably greater than that produced by 10 mg of 
KSCN. Iodide and iodate (2 experiments) reduced the M/P ratio considerably ; 
nitrate and bromate produced small but definite effects. The experiment with 
KI is shown in Fig. 3. 


Taste 2. Milk/plasma ratios for "I before and after the injection of the various salts indicated 
in fifth column: upper figures indicate time and lower figures the M/P ratios as in Table 1. 
The dose was 100 mg of KSCN and the molar t of other salts except in Expt. 3 (L8) 
where 10 mg of KSON was injected, and in Expt. 4 (L13) where KCIO, equivalent to 12-5 mg 


KSCN was injected 
Serial milk/plasma ratios 
Time; 
Expt. Rabbit compo 

no. no. injected 3 4 5 6 7 

1 L6 60 215 220 280 320 — — _ 

24-9 244 KSCN 77 3-5 

2 L7 60 120 130 190 290 360 _— _ 

23-3 21:1 ##KSCN 4-9 1-5 10 

3 L8 50 95 100 175 240 320 _ _— 

27-9 23-7 KSCN 15-3 9-5 10-3 

4 = 45 95 150 225 290 335 

11:8 126 KOO, 6-9 3-6 3-1 3-5 

5 Lil 55 105 110 150 225 295 _ — 

224 # 5-0 15 1-5 

6 L9 45 105 110 165 225 — — — 

15-8 167 KIO, 11-8 8-2 — 

7 L2l1 46 90 95 135 265 315 360 
37-4 36-1 KIO, 29-8 12-1 5-7 3-6 2-9 

8. L103 45 100 105 150 210 285 345 _ 

26-4 220 KNO, 20-1 19- 16-3 13-3 

9 L20 465 90 100 135 195 255 315 — 

17:8 156  ##KBrO, 15-5 14-6 13-1 12-9 

10 Li4— 45 90 95 135 180 255 305 60 
8-4 132 KBr 18-2 21-2 24:1 ue 21-1 

11 L12 46 95 100 160 205 280 — _ 

16-8 178 KCl 16-8 18-2 16-8 

12 L119 = 45 105 115 155 220 280 330 _ 

22-0 222 NaCl 20-5 25-2 28-7 26-1 — 


Bromide and chloride. Three experiments were performed in which KBr, 
KCl and NaCl were injected. There were no significant effects on the M/P ratio 
(Expts. 10-12 of Table 2), although as illustrated in Fig. 4 there was a slight 
rise in the chloride content of the milk following KCl or NaCl administration. 

The changes in the level of plasma radioactivity over the period of these 
studies are of interest. In the control experiments, as after bromide or chloride, 
there was a gradual fall from the peak value seen at 45 min (Figs. 1, 4). In 
contrast, after the administration of anions effective in reducing the M/P 


ratio 
: prob 
secre 
Simil 
| 


RADIO-IODINE IN MILK 649 
ratio there was a definite rise in the plasma ™I level (Figs. 2, 3). This is 
probably the result of the simultaneous inhibition of the salivary and gastric 
secretion of radio-iodine and the reabsorption of “I from the small intestine. 
Similar changes have been described in the rat by Brown (1956). 


KI s.c. 
3000 Milk | 
L11. 5/6/56 
Fig. 3. The effect of KI (m-equiv of 100mg KSCN) on the M/P ratio for'I in the rabbit: plasma] | 


levels rise as after KSCN administration (Fig. 2): @, plasma; O, milk. 
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Fig. 4. The injection of NaCl (at-equiv of 100 mg KSCN) has no effect on the M/P ratio for ™I: 
chloride levels in milk and plasma are also shown. O——O, milk ™I; O---O, milk 


chloride; @——-@, plasma “I; @ --- @, plasma chloride. 
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The M|P ratio for thiocyanate in rabbits 

Of the various anions known to affect iodide concentrating mechanisms 
thiocyanate has been studied in the greatest detail as it was the first to be 
shown to have these effects and can be easily estimated in microgram quanti- 
ties. Experiments to determine the M/P ratio for thiocyanate in the rabbit 
have been performed. 

Five rabbits were injected with 100 mg of KSCN; in three experiments 
this replaced the usual “I injection at 0 min in the other two the thio- 
cyanate was injected at about 90 min during thé course of an experiment on 
the "[ M/P ratio. A sixth animal received 10 mg of KSCN during a radio- 
iodine experiment. One of the second group of experiments is illustrated in 
Fig. 2. In no case was the milk level of thiocyanate consistently higher than 
the plasma after KSCN had been injected. The M/P ratio varied from 0-5 to 
1-3 with two aberrant values of 2-3 and 2-4 in one rabbit. These two were 
probably due to inadequate emptying of the breasts at a time when the plasma 
level of thiocyanate was falling rapidly. Excluding these, the mean of thirteen 
determinations at plasma levels of from 8 to 132u4g KSCN/ml. was 0-95 
(+0-11, 8.8. of mean). 


The M/P ratios for ™*1 and thiocyanate in other species 

The experimental details were described under Methods. Single samples of 
milk and plasma were obtained 90 min after the subcutaneous injection of 
181] (10 uc for guinea-pigs and 5c for rats and mice). 

Guinea-pigs. The M/P ratios, determined as above, were 7-2 and 5-7 for two 
normal animals and 2-2 and 1-6 for two animals pretreated with 50mg of 
KSCN. The M/P ratios for thiocyanate in these two animals were 0-7 and 1-7. 

Rats. Two normal rats gave M/P ratios for “I of 23-9 and 21-0; two animals 
pretreated with 10 mg KSCN gave 2-1 and 2-5, the M/P ratio for thiocyanate 
being 0-3 and 0-4. 

Mice. Pooled samples from a group of three normal mice gave an M/P ratio 
for “*I of 3-7; a group of three, each pretreated with 20mg of KSON, gave 
0-2 and an M/P ratio for thiocyanate of 0-2. The low values for the M/P ratios 
obtained in mice may be related to the fact that the experiments were not 
begun for some 3 hr after the animals had suckled their young and a significant 
amount of unlabelled milk may have been present in the glands at the time 
the experiments were begun. 


The chemical state of the ™*I in rabbit milk 
Two procedures were used to investigate the nature of the radioactive 
compounds in milk and in homogenates of breast tissue in distilled water. 
The protein-bound radioactivity was determined by precipitation with 5 vol. of 
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10% (w/v) trichloroacetic acid (TCA) followed by centrifuging and two further 
washings with TCA. The precipitate was dissolved in 2n-NaOH and counted, 
as was the pooled supernatant fluid in many cases. When radio-iodide was 
added to milk or homogenate in vitro and allowed to stand at room tempera- 
ture for 1-2 hr, it was found that an average of 1-6%%, (mean of 5 expts. on 
milk) and 0-2% (2 expts. on homogenates) was present in the precipitate. 
Twelve samples of milk collected from six rabbits gave an average of 44%, 
TCA-precipitable activity; homogenates from four animals that had received 
131[ contained an average of 8-5% of TCA-precipitable radio-iodine. In 
comparison, the figures for duplicate samples from a rabbit treated with 
methylthiouracil and “I were 1-2% for milk and 1-1% for homogenate. 

Known volumes of milk and homogenate from animals which had been 
injected with “I and others to which radio-iodine had been added in vitro 
were dialysed in ‘ Visking’ membrane (Viscase Ltd.) against running tap water 
for 15-18 hr. It was found that of the radio-iodine added in vitro to milk and 
homogenate 99-7 °% (3 expts.) and 99-8 % (2 expts.) respectively was dialysable 
under these conditions. The corresponding #m vivo figures were 85-3 % (3 expts.) 
and 86-2°% (3 expts.) for normal rabbits, but 99-4 and 100% for samples 
from a methylthiouracil-treated animal. 

It appears that a small and variable but significant proportion of the radio- 
activity in the milk and mammary gland tissue of rabbits injected with 
31] was present not as iodide but in some form in which it was precipitated, 
at least in part, with the protein by TCA and was not freely dialysable. This 

fraction was not found in samples from a rabbit treated with methylthiouracil. 


DISCUSSION 


The method described allows repeated estimates to be made of the milk/plasma 
concentration ratio for radio-iodine and other substances in the anaesthetized 
rabbit. The values obtained for ™I ranged from 6-1 to 37-4 in untreated 
animals, but did not vary greatly over periods of from 3 to 6 hr in any one 
animal under the conditions of these experiments. The establishment of a 
high M/P ratio for “I was not affected by large doses of methylthiouracil. 
A prompt fall in the “I content of the milk and a decrease in the M/P ratio 
was seen after the administration of certain anions. From the data available, 
the order of effectiveness is >SCN->I->I0; > NOs > BrO;. Bromide 
and chloride had no effect in the doses used in these experiments. These findings 
are in good agreement with the results on the relative potencies of these anions 
obtained by workers who studied other iodide concentrating mechanisms such 
as those of the thyroid (Wyngaarden, Wright & Ways, 1952; Wyngaarden, 
Stanbury & Rapp, 1953) and of the salivary gland (Rowlands, Edwards & 
Honour, 1953; Edwards, Fletcher & Rowlands, 1954). As Wyngaarden et al. 
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(1952) point out, however, no common mechanism of action for these anions 
can, or should be, assumed on the basis of results such as these. 

The existence of an iodide concentrating mechanism in the mammary glands 
of lactating guinea-pigs, rats and mice has been demonstrated. In these species, 
too, large doses of thiocyanate greatly reduced the M/P ratio. The findings in 
the rat are of particular interest as from other work it appears that certain 
extra-thyroid iodide trapping mechanisms are not present in this animal. 
Logothetopoulos & Scott (1956) could not demonstrate a concentration of 
iodide across the placenta in rats such as they found in guinea-pigs and rabbits, 
though from the effect of thiocyanate they postulate that some form of active 
iodide transport mechanism may be present. Halmi et al. (1956) found no 
concentration of ™ J in the salivary glands, and Fletcher, Honour & Rowlands 
(1956) state that there is no concentration in saliva or salivary glands of the rat. 
Brown (1956) implies in his paper that there is significant secretion of iodide 
in the saliva and that this is reduced by thiocyanate, but presents no direct or 
conclusive evidence for the presence of a raised "I content of saliva. However, 
the findings in the present work suggest that the mammary glands in the rat 
are comparable in this respect with those of the other species so far studied. 
This conclusion is supported by the findings of Freinkel & Ingbar (1956) that 
131] is concentrated, as iodide, by surviving slices of rat mammary gland and 
that this gradient is abolished by thiocyanate and perchlorate. It should be 
noted, however, that Taurog, Potter, Tong & Chaikoff (1956) do not consider 
that their data from similar in vitro preparations indicate any significant 
concentration. 

The distribution of large doses of thiocyanate has been studied in some 
detail in the rabbit and to a limited extent in other animals. The results 
indicate that inhibition of the iodide concentrating mechanism takes place 
without any comparable concentration of thiocyanate in the milk. In this 
respect the iodide concentrating mechanism of the mammary gland seems to 
resemble more closely the thyroid ‘iodide trap’ than does that of the salivary 
gland. While it is generally held that no significant concentration of thio- 
cyanate occurs in the thyroid (Wood & Williams, 1949; Wood & Kingsland, 
1950; Vanderlaan & Storrie, 1955; see, however, Baumann & Metzger, 1949) 
there is very clear evidence that thiocyanate is concentrated by the salivary 
gland and appears to replace iodide in the saliva, at least in man (Edwards 
et al. 1954). The fact that thiocyanate is not concentrated in the milk does not, 
of course, rule out a concentration in the mammary tissue itself. Estimates of 
the thiocyanate content of mammary homogenates were not performed because 
of erratic values for the recovery of thiocyanate added in vitro. The amount of 
thiocyanate normally present in rabbit plasma and milk is at the lower limit 
for reliable estimation by the method used in the present. study. However, 
several determinations were made of the M/P ratio for thiocyanate in uninjected 
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animals and the results indicated that the milk levels were consistently higher 
than that of plasma. A mean ratio was found of 1-7+0-2 (s.z. of mean of 
7 expts.). This seems unlikely to be the result of technical errors; the reason 
for the high value is obscure, but a similar disparity between the distribution 
of endogenous and added thiocyanate has been observed in the case of the 
salivary glands of mice by Fletcher et al. (1956). 

The main portion of the radio-iodine present in rabbit milk or gland 
homogenate behaved as iodide; a small but significant amount, not seen after 
meéthylthiouracil treatment, was present in some other form. The finding that 
this fraction is higher in homogenates than in the milk suggests that the 
biochemical processes involved were taking place in the gland tissue cells 
tather than in the milk after secretion. Similar findings have been reported 
from in vitro studies with rat mammary glands (Freinkel & Ingbar, 1956; 
Taurog e al. 1956). Taurog and his co-workers found the main product to be 
mono-iodotyrosine with traces of other compounds, The formation of organic 
iodine compounds by the mammary gland deserves further study. 

The physiological significance of the iodide concentrating mechanism of 
the mammary gland is unknown. In so far as the reaction to various chemical 
inhibitors is concerned it resembles quite closely the thyroid ‘iodide trap’ and 
further, this tissue seems to have at least some capacity to iodinate amino 
acids. Any analogy that might be drawn between this, or other extrathyroidal 
iodide concentrating mechanisms, and the thyroid itself would be greatly 
strengthened if it could be shown that any of them was influenced by naturally 
occurring hormones known to act on the thyroid, in addition to responding to 
chemical agents with known effects. It is perhaps significant that so far no 
positive response to a hormonal stimulus has been reported. 


SUMMARY 


1. The milk/plasma ratio for ™*I has been studied for periods up to 6 hr 
after injection in anaesthetized rabbits and values between 6-7 and 37-4 were 
found. Methylthiouracil had no effect on the establishment of a high M/P ratio. 

2. The M/P ratio was depressed by various anions, the order of potency 
being: ClO; >SCN- >I- > 10; > NO; > BrO;. Bromide and chloride had no 
effect. 

3. A concentration gradient for "I between milk and plasma was also found 
in guinea-pigs, rats and mice and was shown to be reduced by thiocyanate. 

4. No evidence was obtained for the concentration of thiocyanate in the 
milk during inhibition of iodide concentration by this anion. 

5. A small proportion (up to 5%) of the radio-iodine found in rabbit's 
milk appears to be in organic combination. This fraction is not seen after 
methy|thiouracil administration. 
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6. The iodide metabolism of the mammary gland is discussed and compared 
with that of the thyroid and other extra-thyroidal iodide concentrating 
tissues. 


My thanks are due to Dr J. S. Paterson and Mr H. W. Cox of the Ministry of Supply Establish - 
ment, Allington Farm, for their co-operation in ensuring the supply of lactating animals used in 
these experiments. 
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INTRODUCTION 


The action of tetanus toxin on spinal reflexes was described by Sherrington 
(1905) as a conversion of inhibition into excitation. In general the clinical 
effects produced by the actions of tetanus toxin and of strychnine are very 
similar, and because of this Sherrington (1905, 1906) suggested that it was 
likely that these two substances had the same action in the central nervous 
system. Sherrington’s observations were based upon experiments in which 
the inhibition of extensor reflexes was replaced by facilitation, the con- 
ditioning volleys having been set up in the internal saphenous or hamstring 
nerves. 

When strychnine is injected intravenously in subconvulsive doses it greatly 
diminishes the amount of inhibition produced by a ‘direct’ inhibitory volley, 
but has no significant effect on the testing monosynaptic reflex (Bradley, 
Easton & Eccles, 1953). Intracellular records from motoneurones reveal that 
strychnine diminishes inhibitory action by depressing the inhibitory post- 
synaptic potential (IPSP) produced by impulses in inhibitory presynaptic 
fibres (Coombs, Eccles & Fatt, 1955). 

In view of the similarity of the central effects of strychnine and of tetanus 
toxin it was thought of interest to investigate the effect of tetanus toxin upon 
spinal inhibitory mechanisms. Five main types of inhibition have been investi- 
gated: the ‘direct’ inhibition of motoneurones by impulses in the group Ia 
afferent fibres of antagonistic muscles; the inhibition by impulses in the 
group Ib afferent fibres from muscles of the same limb; the inhibition of 
extensor motoneurones by impulses in the groups IJ and III muscle afferent 
fibres and in cutaneous afferent fibres; and the inhibition of motoneurones 
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following activation of Renshaw cells by volleys in axon collaterals. A pre- 
liminary report of the results has already been published (Brooks, Curtis & 
Eccles, 1955). 

METHODS 


Cats lightly anaesthetized with pentobarbitone sodium have been used in the experiments. The 
spinal cord was severed in the lower thoracic region and the ventral roots of segments L5-S 1 
were cut and mounted on platinum electrodes for recording purposes. The spinal cord was covered 
by paraffin oil contained in the elevated skin flaps. The nerves to the posterior biceps and semi- 
tendinosus muscles (henceforth BST’), sural nerve (8), gastrocnemius-soleus (G), plantaris (P), 
and flexor digitorum longus (FDL) were mounted on stimulating electrodes in another paraffin 
pool, while the quadriceps nerve (Q) was stimulated through a buried electrode. In several experi- 
ments the preparation was bilateral. As these experiments usually extended for 24 hr or longer, 
large doses of crystalline penicillin G were administered to the cat to reduce infection of the 

When recording the reflex responses, superimposition of about twenty to forty traces was used 
so that the mean response could be directly measured from the photographs. Reflexes were 
elicited at either 2 or 3-5 sec intervals and the testing monosynaptic responses were always 
to time, 

Both non-crystalline and crystalline tetanus toxins were used and the doses administered are 
given in the text as mg or ml. of toxin. Owing to the instability of these toxins, regular assays 
were performed on mice. It is possible to relate cat to mouse minimum lethal doses (MLD) on 
a weight for weight basis by use of the factor 600 (Fildes, 1929), neglecting in so doing the vari- 
ability reported by Llewellyn-Smith (1942). However, in view of the variations in the suscepti- 
bility to tetanus toxin of the domestic cate used in these experiments no figures are given relating 
the doses used to cat lethal doses. The non-crystalline toxin XW 1322 T 166 (henceforth XW) 
contained 10* mouse MLD/mg of powder and the crystalline toxin L61 which has been described 
by Pillemer, Wittler, Burrell & Grossberg (1948) was found to contain 10* mouse MLD/ml. of 
stock solution. There was no significant alteration in the toxicity of either of these toxins during 
the course of this investigation. 

Local tetanus was produced in the animals by injection of the toxin either into the sciatic nerve 
or the spinal cord. The sciatic injections were performed aseptically under ether anaesthetic 
using @ 27-gauge needle and taking care that there was no leakage to surrounding muscles (Abel, 
Hampil & Jonas, 1935). 5 x 10-* ml. of a solution of toxin in saline was injected into the left 
nerve trunk at a level between the hamstring and sural branches. Following such an injection the 
typical symptoms of local tetanus developed in 18-20 hr (cf. Fildes, 1929; Acheson, Ratnoff & 
Schoenbach, 1942; Hutter, 1951; Davies, Morgan, Wright & Wright, 1954). Consequently, the 
preparation of both hind limbs and of both sides of the cord was commenced 8~12 hr after the 
injection so that a comparison of reflexes on the two sides could be made before the development 
of local tetanus and at various times thereafter. In several such experiments the L7 ventral root 
was left intact for a further 12 hr in order that the movement of toxin into the cord should not be 
prematurely interrupted. 

Tetanus toxin was injected into both white and grey matter of the spinal cord through glass 
micropipettes of 5-20 external diameter at the tip. The injection device permitted the ejection 
of volumes as small as 10-* ml. and depended on the displacement of a thin Perspex diaphragm 
by micrometer (Brooks, V. B., Curtis, D. R. & Winsbury, G. J.—in the course of publication). 
By employing the micropipette also as a microelectrode it was possible to determine the relation 
of its tip to known areas in the ventral horn. As afiy one segmental ventral root samples the 
discharge of motoneurones extending over this segment, it was necessary to split the root into 
two or three portions in order to demonstrate the very localized effects, or alternatively to make 
a longitudinal series of injections 1 or 2 mm apart throughout the segment. 
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RESULTS 
Effect of tetanus toxin on the excitation of motoneurones 

When tetanus toxin was injected into the sciatic nerve or directly into the 
spinal cord, there was no significant change in maximal monosynaptic reflexes 
that were elicited by stimulation in group Ia fibres of a muscle nerve and 
recorded from the appropriate ventral root or peripheral nerve. For example, 
in Fig. 8 the record A was taken before the injection of L61 toxin into the 
dorso-lateral aspect of the L7 and 81 segments of the spinal cord. This 
maximal monosynaptic reflex of FDL motoneurones was virtually unchanged 
2-45 and 7 hr later (D, G), whereas the maximal inhibition of the reflex by 
impulses propagated antidromically from the BST, P and G@ nerves was 
reduced considerably (see later). 

When toxin was injected into the sciatic nerve, its effects developed much 
more slowly, hence considerable variations were likely to occur in the size of 
maximal monosynaptic reflexes, apart from any possible effect of the toxin. 
In the experiment illustrated in Fig. 1, BST monosynaptic reflexes were 


)} recorded from the left and right side of the spinal cord at various times after 


the intrasciatic injection of 7 mg XW toxin on the left side. The records A 
and G show the control reflexes on the left and right sides respectively 21 hr 
after the injection. The corresponding pairs C and J, E and L were recorded at 
22 and 33 hr respectively at the same amplification. Over this period, 
especially on the left side, there was a large and progressive diminution in the 
amount of inhibition displayed in the records B, D and F, as will be described 
later, while there was no significant trend in the size of the maximum mono- 
synaptic reflex. 

In contrast to the lack of effect upon monosynaptic reflexes, polysynaptic 
reflexes are increased both by tetanus toxin and strychnine. With tetanus toxin 
there is considerable variation in the magnitude of the increment of poly- 
synaptic reflexes. This is seen particularly after the toxin has been injected 
into the cord and probably depends both on the site of injection and the spread 
of the toxin from this area. The increase of polysynaptic reflexes raises the 
possibility of suppression of inhibition along polysynaptic pathways by tetanus 
toxin. These results, together with a consideration of tetanus dolorosus, will be 
discussed more fully in a later paper. 

Fig. 2 shows polysynaptic reflexes elicited by maximal stimulation of sural 
fibres and recorded from the L7 ventral root before (A) and 38 min after (B) 
4x 10-4 ml. of a 1 in 10 dilution of L61 toxin was injected into the dorsolateral 
Column of the same segment. At 38 min the area under the monophasic 
recording of the polysynaptic reflex was increased 6-8 times. 
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Right 


1. A-M, maximal monosynaptic reflexes recorded at constant amplification from the left 
(A-F) and aight (G—M) L7 ventral roots and evoked by stimulation of the left and right 
biceps nerves respectively. The left-hand records of each pair (A, C, E, and 
G, J, L) are control reflexes while the right-hand records (B, D, F and H, K, M) show the 
same responses inhibited maximally by a preceding volley in the group Ia afferent fibres of 
the quadriceps nerve of the same side. The figures on the left side give the time in hours, after 
7 mg of XW toxin had been injected into the left sciatic nerve, at which the responses at the 
same horizontal level in the figure were recorded. N, 0, potentials recorded from the dorsal 
surface of the L7 segment of the spinal cord in the same experiment as A-M and evoked by 
a volley in the group Ia quadriceps afferent fibres; the arrows mark the positive notch; 
records taken 24 hr after the intrasciatic injection of toxin Time in msec for all records, and 
all consist of twenty superimposed traces. The word ‘Tetanus’ in this and other figures denotes 


the side either of the sciatic nerve or of the spinal cord into which the toxin was injected ; 
“left” and ‘right’ refer to the side of the spinal cord from which the reflexes were recorded. 
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Effects upon the various types of inhibitory action on motoneurones 

Direct inhibition. Inhibitory curves can be drawn showing the percentage 
inhibition of a BST monosynaptic reflex caused by a single volley in the group 
Ia afferent fibres of quadriceps (Lloyd, 1946; Bradley et al. 1953; Bradley & 
 Kecles, 1953). The maximum inhibition occurs when the volley in quadriceps 
fibres arrives at the spinal cord about 1-0 msec before the BST volley. In 
Fig. 1A-F are shown monosynaptic reflexes evoked by a BST volley and 
which in B, D and F are directly inhibited by a maximum volley in Q Ia fibres 
at the optimal interval for inhibition. When first examined, 21 hr after the 
intra-sciatic injection of tetanus toxin on the left side, the inhibition of the 
reflex amounted to 65°, of its control value (A, B). However, 1 hr later the 


Fig. 2. The lower records show polysynaptic reflexes, recorded monophasically from the left L7 
ventral root and evoked by stimulating the sural nerve at an intensity equalling ten times its 
threshold. The upper records show potentials recorded simultaneously from the dorsal 
surface of the L7 segment. A, before and B, 38 min after L61 toxin had been injected into 
the dorsolateral column in the same segment. 


inhibition only amounted to 40% (C, D) and at 33 hr the inhibition had been 
completely abolished (E, F). At similar intervals on the right side there was 
much less diminution in the amount of inhibition. The complete inhibitory 
curves of this experiment are plotted in Fig. 3, where responses of the left and 
right sides of the animal are shown in the left and right sets of curves respec- 
tively. The earliest test revealed that inhibition amounted to 65% on the 
injected side in contrast to 95% on the contralateral side. Probably the 
tetanus action had already begun, for subsequent tests at 22 and 23-5hr | 
showed a rapid diminution of the inhibition on the left side to about 35 and 
15°, respectively. At this time inhibition was still 87% on the contralateral 
side. By 33 hr inhibition had disappeared on the left side, but’ still amounted 
to 75 % on the right. The slow loss of inhibition on the right side was kept under 
observation until 43 hr, when inhibition was about 35%. During all this time 
the testing maximal monosynaptic reflexes showed little variation in size. 
42 PHYSIO, OXXXV 
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It has been shown by Eccles, Fatt & Landgren (1956) that the inhibition of 
motoneurones by impulses in the Ia afferent fibres from muscles of antago- 
nistic function is mediated by short inhibitory interneurones. In the case of 
the inhibition of biceps-semitendinosus neurones by impulses.in Q Ia fibres, 
impulses in the synaptic terminals of these interneurones generate a positive 
‘notch’ which can be recorded from the surface of the L7 and upper 81 
segments and which is marked by an arrow in Fig. 1N and O. Twenty-four 
hours after the toxin injection, these two notches are seen to be approximately 
equal and yet the direct inhibitory action amounted to only 15% on the left 
side, but was still about 80% on the right. 
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Fig. 3. Series of inhibitory curves showing the effects of a volley in the group Ia afferent fibres of 
the left and right quadriceps nerves upon maximal monosynaptic reflexes recorded from the 
L7 venteal roots of the corresponding sides of the spinal cord and evoked by stimuleting the 
respective biceps di nerves. Ordinates: inhibition (%) = 100% minus the 
inhibited reflex size as a percentage of the control reflex; this convention has been used 
in all similar graphs of this paper. Abscissae: intervals between the inhibitory and the 
excitatory volleys as recorded by an electrode on the dorsal surface of the mid-L7 segment. 
Every plotted point is the mean of 10-20 observations. The symbols denote the inhibitory 
effects observed at the times indicated after the injection of 7 mg of XW toxin into the left 
sciatic nerve; part of this series is illustrated in Fig. 1. 


A similar depression of direct inhibitory action was observed when toxin was 
injected directly into the spinal cord; the onset of the loss of inhibition, how- 
ever, being much more rapid. The rapidity of action depended on the proximity 
of the injection to the motoneurones used for testing (see later). The reflexes 
B, E, H and K of Fig. 4 were maximally inhibited by volleys in Q Ia fibres 
before and at the stated times after an intraspinal injection of L61 toxin. The 
amount of inhibition, relative: to the control reflexes A, D, G and J, was 
reduced progressively from 75% in B and E to 42% in H and zero in K. 
Shortly after each set of reflexes was recorded, potentials generated by the 
inhibiting quadriceps volley were recorded from the dorsolateral surface of the 
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L7 segment and it is apparent that the positive ‘notch’ marked with an arrow 
in C, F, I and L is relatively unaltered by the toxin although direct inhibition 
was abolished. Hence the depression of inhibitory action could not be attri- 
buted to blockage of impulse transmission through the intermediate neurones 
of the direct inhibitory pathway. The failure must occur in the inhibitory 
action which these impulses exert on the motoneurones. 


Fig. 4. Records taken 0-5 hr before (A, B, C); 3-5 hr (D, E, F); 8-5 hr (G, H, 1); and 17 br (J, K, L) 
after the injection of 10-* ml. of L61 toxin into five sites in the dorsolateral column of the 
L7 and 81 segments of the cord: A, D, G, J, monophasic records of the maximal mono- 
synaptic reflex, recorded from the BST nerve and evoked by stimulation of the L7 and 81 
dorsal roots; two stimuli were used at an interval of 1 msec, the first being submaximal. 
B, E, H, K, as for A, D, G, and J respectively, but the reflexes are inhibited by a preceding 
volley in the group Ia afferent fibres of the quadriceps nerve. The volley interval was 
arranged for maximal inhibition. C, F, I and L, potentials recorded from the dorsolateral 
surface of the L7 segment when the quadriceps nerve was stimulated at the intensity that 
was used to obtain the corresponding records B, E, H and K; the positive notch is marked 
with an arrow. Time in msec for all records, which consist of 20 superimposed traces. A, B, D, 
E, J and K were recorded at an amplifi- 
cation 1-4 times higher. 
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Similar results were found in all seven experiments in which volleys in 
Q Ia fibres were used to inhibit maximal monosynaptic BST reflexes and also 
in the one test in which volleys in BST Ia fibres directly inhibited maximal 
monosynaptic Q reflexes, although in this latter experiment it is not possible 
to test for the activity of the intermediate neurones on this direct inhibitory 
pathway. 

Inhibition due to impulses in group Ib muscle afferent fibres. Impulses in 
group I muscle afferent fibres that probably arise from tendon organs exert an 


100 


Fig. 5. The curves plot the inhibitory effect of volleys in the group Ib (and probably some 
group II) afferent fibres of quadriceps upon the motoneurones of gastrocnemius. The maximal 
monosynaptic G reflex was recorded peripherally and evoked by stimulating the L7 and S81 
dorsal roots. The inhibition is plotted at the various times after L61 toxin was injected into 
the L7 and S1 segments (same experiment as Fig. 4). 


inhibitory action that is widely distributed to motoneurones of that limb 
(Laporte & Lloyd, 1952). Usually when a volley from quadriceps nerve is 
recorded where the L5 or L6 dorsal root reaches the spinal cord, these fibres 
(designated group Ib) give a spike potential which can be distinguished from 
that of the group Ia fibres (Bradley & Eccles, 1953). In several experiments 
maximal monosynaptic reflexes of gastrocnemius and quadriceps moto- 
neurones were inhibited by group Ib volleys of quadriceps and gastrocnemius 
nerves respectively. By using stimuli of graded intensity and by accurately 
measuring the latency, it is often possible to distinguish inhibition due to 
impulses in group Ib fibres from that due to impulses in group II fibres 
(cf. Laporte & Lloyd, 1952). 


In 
$1 dc 
volle 
7 some 
cons 
after 
mat 
8 hri 
and i 
20 3 
| + 
h 
: 
= 
£60 
\\ 
Fig. 6 
fi 
4 
| In 
syna 
grou 
Volle 
: the 
show 
inhib 
sping 
Moto 
after 
inhib 
by v 
| In 


CENTRAL ACTION OF TETANUS TOXIN 663 


In the inhibitory curves of Fig. 5, reflexes elicited by stimulating the L7 and 
$1 dorsal roots and recorded from the gastrocnemius nerve were inhibited by 
volleys in quadriceps afferent fibres: which included group Ib and possibly 
some group II. During the 8 hr of observation the test control reflexes were of 
constant size. The percentage inhibition was approximately constant for 4 hr 
after the intraspinal injection of toxin into the dorsolateral column of white 
matter of the L7 and 81 segments but thereafter diminished rapidly so that at 
8 hr it was only 1%. Similar results were obtained after intrasciatic injection 
and in the inverse experimental arrangement where quadriceps monosynaptic 
reflexes were inhibited by volleys in gastrocnemius group Ib fibres. 
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Fig. 6. Inhibitory curves from the same experiment as Fig. 5. The maximal FDL reflex, recorded 
from the FDL nerve and evoked by stimulating the L7 and 81 dorsal roots was conditioned 
by a prior volley in all the quadriceps myelinated afferent fibres. The curves plot the inhibi- 
tion before and at various intervals after tetanus toxin was injected into the L7 and 81 
segments of the cord. 


Inhibition due to impulses in growps II and III muscle afferent fibres. Mono- 
synaptic reflexes of extensor motoneurones are inhibited by impulses in the 
groups II and III afferent fibres from muscles of the same limb (Lloyd, 1946). 
Volleys in groups I, II and III quadriceps afferent fibres were used to inhibit 
the maximum monosynaptic reflexes of FDL motoneurones. The effect is 
shown in Fig. 6, from the same experiment as Fig. 5. Initially the maximum 
inhibition was 100% but this progressively diminished following the intra- 
spinal injection of toxin and was abolished by 17 hr. At this time some FDL 
motoneurones were excited by impulses in the slower quadriceps fibres. Again, 
after the intrasciatic injection of toxin, similar results were found for the 
inhibition of maximal monosynaptic reflexes of G, P and FDL motoneurones 
by volleys in groups II and III fibres of the quadriceps nerve. 

Inhibition due to impulses in cutaneous nerve fibres. Extensor reflexes are 


° 
§ \ 
3 
0 
<= 
* 12 j 
80 e 37 
re) 4-8 q 


664 V. B. BROOKS, D. R. CURTIS AND J. C. ECCLES 


inhibited by impulses in cutaneous fibres, although Hagbarth (1952) has shown 
that if the fibres arise from skin overlying the extensor muscle, facilitation may 
occur. The effect of volleys in the sural nerve has been tested upon the maximal 
monosynaptic reflexes of quadriceps, gastrocnemius, plantaris and flexor 
digitorum longus motoneurones. The inhibitory curves of Fig. 7 demonstrate 
the effect of tetanus toxin upon the inhibition of monosynaptic responses of 
quadriceps motoneurones of the L5 segment by maximal volleys in the sural 
nerve. Tetanus toxin had been injected into the left sciatic nerve (same 
experiment as Fig. 1) and first on the left and then on the right sides inhibition 
was depressed and finally abolished. Similar results have been found for the 
inhibition of gastrocnemius motoneurones by sural volleys. 


Tetanus 


Inhibition (%) 
\ 


80F 


100% 
Fig. 7. Volleys elicited by stimulating the left and right sural nerves maximally were used to 
inhibit the monosynaptic responses of quadriceps motoneurones recorded from the L5 
ventral roots of the left and right sides respectively. Tetanus toxin had been injected into 

the left sciatic nerve 24 hr before the first curve (same experiment as Figs. 1 and 3). 


Inhibitory action by impulses in motor nerve fibres. The depression of excit- 
ability of spinal motoneurones after the antidromic activation of adjacent 
motoneurones (Renshaw, 1941) has been shown to be due to an inhibition 
produced by interneurones (Renshaw cells) that are activated cholinergically 
by impulses in motor-axon collaterals (Eccles, Fatt & Koketsu, 1954). The 
repetitive interneuronal discharge at about 1000/sec is revealed as a decre- 
menting repetitive wave that can be recorded from the dorsolateral surface of 
the spinal cord in the appropriate segment. Eccles et al. (1954) showed that the 
inhibitory post-synaptic potential of the motoneurones after activation of 
Renshaw cells is depressed by subconvulsive doses of strychnine. It has also 
been demonstrated (Eccles, Eccles & Fatt, 1956) that these doses of strychnine 
have little effect on the discharge of Renshaw cells. 

In the present series of experiments on tetanus toxin, dorsal roots were 
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severed. Monosynaptic reflexes were evoked by dorsal root volleys and were 
recorded peripherally from the muscle nerves.. Conditioning volleys in the 
motor nerve fibres were set up in muscle nerves and propagated antidromically 
into the spinal cord. Where two or more nerves were used, volleys were timed 
for simultaneous arrival at the cord. Fig. 8 illustrates reflexes recorded from 
the FDL nerve and evoked by stimulating the L7 and 81 dorsal roots. The 
maximal control reflexes A, D and G were inhibited by an antidromic volley 
propagated from the biceps-semitendinosus, plantaris and gastrocnemius 
nerves and the maximally inhibited reflexes (B, E and H) are shown together 
with the potentials due to the repetitive discharge of Renshaw cells evoked by 
the same antidromic volley (C, F and I). The reflexes and surface potentials at 
the same horizontal levels in Fig. 8 were recorded shortly after each other 


Fig. 8. Records from the same experiment as Fig. 4. A, B and C were taken 0-2 hr before; 
D, E, F, 2-45 hr after; and G, H, I, 7 hr after the intraspinal injection of L61 toxin into the 
L7 and 81 segments. A, D, G, maximal monosynaptic reflexes evoked by stimulating the 
L7 and 81 dorsal roots and recorded peripherally from the FDL nerve; B, E, H—as for 
A, D, G, respectively, but the reflex is inhibited by an antidromic volley propagated from the 
BST, P and G nerves. The volleys were arranged for simultaneous arrival at the cord and 
the stimulus intervals arranged for maximal inhibition. C, F, I, potentials recorded from the 
lateral aspect of the L7 segment when the antidromic volley, used for inhibiting the FDL 
reflex, was evoked at a rate of 5/sec. Time in msec for all records; A, B, D, E, G and H, 
recorded at the same amplification and consist of 20 superimposed records; C, F and I taken 


at the one amplification and consist of 25 superimposed traces. 
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before, and 2-45 and 7 hr after injections of L61 toxin were made into the 
dorsolateral aspect of the L7 and 81 segments of the cord. 

The full time courses of the inhibitory action at various times are plotted 
in Fig. 9 where it is apparent that the inhibition was abolished at 17 hr. 
During this time, but illustrated in Fig. 8 only for the first 7 hr in which the 
maximal inhibition was reduced from 63% to about 5%, the Renshaw cell 
activity was normal and it is therefore apparent that, as with direct inhibition, 
tetanus toxin does not alter the responses of the inhibitory interneurones of 
this antidromic pathway but prevents their inhibitory action on the moto- 
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Fig. 9. Inhibitory curves constructed from the series partly illustrated in Fig. 8. The curves plot 
the percentage inhibition of the monosynaptic reflex from F DL motoneurones by antidromic 
volleys propagated from BST’, G and P nerves at various times after an intraspinal injection 
of L61 toxin. 


upon such cholinergically excited cells. These findings were also confirmed 
after intrasciatic injection of the toxin, and in all experiments where the effect 
of toxin was assessed using this antidromic inhibition the inhibition was 
depressed and finally abolished without being converted into excitation 
(cf. Fig. 9). 

DISCUSSION 


Until the demonstration (Bradley et al. 1953) that subconvulsive doses of 
strychnine depressed the direct inhibitory action of volleys in group Ia fibres 
of quadriceps nerve on biceps-semitendinosus motoneurones, there was 
considerable uncertainty as to the action of this drug. Sherrington (1905, 
1906) recognized the similarity of action of strychnine and tetanus toxin, 
and had noted that with small doses it was possible to diminish reflex inhibi- 
tion without replacing it by excitation. He suggested as alternative expla- 
nations either that these agents favoured central excitatory action and 
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depressed inhibitory action or that they converted central inhibition into 
central excitation. This dilemma arose because of the mixed excitatory and 
inhibitory effects of the conditioning volleys used in his tests. 

It has been shown in the foregoing sections that, in spinal segments affected 
by tetanus toxin, monosynaptic reflexes are not significantly altered, poly- 
synaptic reflexes are increased and the five investigated forms of inhibition 
upon motoneurones are depressed. Although it is often difficult to obtain a 
pure inhibitory conditioning volley when stimulating peripheral afferent nerves 
_(ef. Fig. 6), antidromic volleys propagated up the motor axon have no demon- 
strable excitatory effect upon adjacent motoneurones (Eccles et al. 1954). That 
tetanus toxin abolishes the ‘Renshaw’ inhibition of motoneurones without 
converting it to excitation proves conclusively that the toxin specifically 
depresses central inhibition. 

Several previous investigations have anticipated these findings. Acheson 
et al. (1942) demonstrated that intramuscular injection of toxin into cats 
produced local tetanus associated with increased polysynaptic reflexes, whereas 
the monosynaptic reflexes were almost normal. The loss of inhibition was 
demonstrated in the rabbit, although not recognized as such, by Davies et al. 
(1954). They showed that tetanus toxin, acting centrally, disorganized flexor 
reflexes so that pressure on the foot caused simultaneous reflex activation of 
antagonistic muscles instead of reciprocal inhibition. They also demonstrated 
increases in polysynaptic reflexes. 

It is clear from the results presented here that in the spinal cat the effects of 
strychnine and tetanus toxin are similar. Although satisfactory intracellular 
records have not yet been obtained from motoneurones affected by tetanus 
toxin, it may be assumed that, like strychnine, tetanus toxin diminishes 
inhibitory action by depressing the process by which impulses in synaptic 
terminals of inhibitory interneurones generate an inhibitory post-synaptic 
potential of motoneurones (Coombs et al. 1955). Conceivably these substances 
could depress the inhibitory action by blocking the excitatory synaptic action 
on the inhibitory neurones which are interpolated in the inhibitory pathway. 
However, this possibility has been excluded by the observation that there is 
no diminution in the electrical responses which are produced on the surface of 
the spinal cord by the activity of the inhibitory interneurones both in the 
direct and antidromic inhibitory pathways. When impulses in quadriceps 
group I a afferent fibres have been used to inhibit biceps-semitendinosus moto- 
neurones, the positive notch recorded from the dorsal surface of the cord in the 
L7-81 segments has remained unchanged when inhibition was abolished by 
tetanus toxin. Similarly, the inhibitory cells on the antidromic pathway 
continued to be excited by antidromic impulses to give the characteristic 
thythmic wave even when antidromic inhibition had been abolished. With 
other types of inhibition, interneuronal activity does not produce recognizable 
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surface potential waves, hence it has not been possible in this way to show that 
the depressant action of tetanus toxin is exerted on the inhibitory synaptic 
mechanism. However, with both strychnine and tetanus toxin a similarity of 
action upon these inhibitions must be extremely probable. 

The highly specific and rapid action of strychnine after intravenous ad- 
ministration in relatively low doses suggests that it acts on the subsynaptic 
membrane in a similar fashion to the action that curare has at cholinergic 
synapses (Eccles, Katz & Kuffler, 1941). Thus it may act competitively with 
the inhibitory transmitter for the receptor patches of the subsynaptic 
membrane. It is difficult to assess accurately the time course of action of 
tetanus toxin because, even when injected into the ventral horn, some time 
is necessary for it to spread throughout the nuclei of the motoneurones used 
for testing purposes. Possibly tetanus toxin might act in the manner postu- 
lated for strychnine and combine sterically with the receptors of the sub- 
synaptic inhibitory areas. However, in view of the general similarity of tetanus 
and botulinum toxin (van Heyningen, 1950; Wright, 1955) both in regard to 
molecular weight and clostridial origin, a possible alternative is that tetanus 
toxin acts in the same manner as botulinum toxin. The toxin of Clostridium 
botulinum prevents the release of acetylcholine at the neuromuscular junction 
by an action on the presynaptic terminals (Burgen, Dickens & Zatman, 1948; 
Brooks, 1954, 1956) and it is conceivable that tetanus toxin acts on the pre- 
synaptic terminals of inhibitory interneurones preventing either the production 
or the release of the inhibitory transmitter substance. 

The report of Ambache, Morgan & Wright (1948) concerning the selective 
paralysis of cholinergic endings of the rabbit’s iris by tetanus toxin is difficult 
to reconcile both with the present result that Renshaw cell activity is not 
altered by the toxin and with the findings of others upon the neuromuscular 
junction. Although Harvey (1939) stated that local tetanus has certain 
features resembling the phenomena seen with the denervation of skeletal 
muscle, further investigations of the effect of the toxin on neuromuscular 
transmission (Gépfert & Schaefer, 1940; Hutter, 1951; Mackereth & Scott, 
1954) have yielded negative results. 

There is very little information regarding the biochemical effects of tetanus 
toxin in the spinal cord, but presumably it acts specifically on a surface 
membrane or on an enzyme system. This is apparent from the small quantities 
necessary to obtain effects (cf. van Heyningen, 1950) and from the effects of 
variations in temperature in the progress of tetanus in poikilothermic animals. 
These creatures, including frogs and lizards, are comparatively resistant to 
high doses of tetanus toxin when kept at low temperatures but become 
susceptible when the temperature is raised (Cowles & Nelson, 1947; Wright, 
1955). However the actual mode of action of both strychnine and tetanus 
toxin is open to question and will ultimately depend on the isolation and 
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application of the inhibitory transmitter substance. Tetanus toxin resembles 
strychnine in that it greatly increases polysynaptic reflexes. It has been 
argued that for strychnine this is due to the depressant action on inhibitory 
synapses along polysynaptic pathways (cf. Bradley et al. 1953). Possibly the 
same mechanism is responsible for the increased reflexes in tetanus, but 
further investigation is desirable. 
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Fig. 10. Ordinates: maximum inhibitions plotted as percentages of the values obtained before 
L61 toxin was injected into the L7 and S81 segments, as shown in the inset diagram. 
Abscissa: time in hours, after the injections were made, at which the following inhibitions 
were determined: the inhibition of FDL motoneurones by antidromic volleys from the 
BST, P and G nerves +, by volleys in Q Ib (and II) afferent fibres @, by volleys in all the 
myelinated Q fibres {A and by volleys elicited by stimulating the saphenous nerve maximally 
@; the inhibition of G motoneurones by antidromic volleys in the BST, P and FDL nerves 
CO, by volleys in the groups Ib (and II) afferent fibres of Q @ and by volleys in all the 
myelinated Q afferent fibres ©; the inhibition of BST motoneurones by volleys in Q Ia 
fibres A. Serial observations were made for the first 8 hr only, but all inhibitions were 
abolished when further determinations were made 8—10 hr later. The approximate locations of 
the motor nuclei in the inset diagram have been derived from Romanes (1951) and are shown 
in the inset cross-section of the cord. Adjustment has been made for the slight variation 
found in the amount of inhibition upon G and BST motoneurones before the toxin had effect. 


When assessed by the methods used in the present investigation there is no 
difference between the action of tetanus toxin injected directly into the cord 
or reaching it after injection into the sciatic trunk. This observation lends 
further support to the findings of Firor & Jonas (1938), Acheson et al, (1942), 
Hutter (1961), Wright, Morgan & Wright (1952) and Davies et al. (1954) that 
tetanus toxin has a central action; and to the investigations showing that the 
toxin enters the spinal cord from peripheral sites of administration by passing 
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along nerve trunks (Teale & Embleton, 1919; Friedemann, Zuger & Hollander, 
1939.4, 6; Friedemann, Hollander & Tarlov, 1941; Baylis, Joseph, MacIntosh, 
Morgan & Wright, 1952; Baylis, MacIntosh, Morgan & Wright, 1952). 

That tetanus toxin spreads within the spinal cord is indicated by the curves 
of Fig. 10, which have been derived from the experiment illustrated in 
Figs. 4-6 and 8. Inhibitions have been plotted as percentages of the values 
obtained before the toxin was administered and the graphs illustrate the effect 
upon the listed inhibitions of FDL, G and BST motoneurones of intraspinal 
injections of L61 toxin. Five injections were made at longitudinal intervals of 
1-2 mm and at approximately the same locus in the transverse section as 
indicated in the inset diagram, which also shows the locations of the three 
motoneurone nuclei. It is apparent that inhibitions upon motoneurones 
located near the site of injection are affected earlier than those located at 
a distance. All the inhibitions of FDL motoneurones were reduced to 20% 
of their original values within 5 hr of the injection. At this time, however, 
inhibitions upon G motoneurones were approximately 60% of their control 
value but this figure was reduced to 20% after a further 2 hr. The reduction in 
the inhibition of BST motoneurones by impulses in the quadriceps Ia fibres 
was slow to develop and the full time course was not observed, though at 
18 hr the inhibition was found to be completely abolished, These results 
indicate that tetanus toxin diffuses very slowly across the spinal cord, taking 
several hours to move 1 mm. The longitudinal movement in nerve trunks is 
much faster as is also the longitudinal movement within the spinal cord. 


SUMMARY 


1, Spinal reflexes and their inhibition have been investigated in anaes- 
thetized spinal cats after the injection of tetanus toxin either into the sciatic 
nerve or into the spinal cord. 

2. Tetanus toxin is virtually without effect upon ree reflexes, 
but like strychnine it increases polysynaptic reflexes. 

3. The five forms of spinal inhibition investigated are all diminished and 
eventually abolished. The effect of the toxin, injected either peripherally into 
a mixed nerve trunk or directly into the spinal cord, is similar on all these types 
of inhibition. 

4. Tetanus toxin exerts its effect near the synaptic junctions between the 
specific interneurones of the inhibitory pathway and the motoneurone. Both 
for ‘direct’ inhibition and for ‘antidromic’ inhibition this agent has no effect 
on the inhibitory interneurone involved. 


The authors wish to thank Miss Molly Barr, of the Wellcome Research Laboratories, Becken- 
ham, Kent, for the gift of toxin XW 1322 T 166; and Professor L. Pillemer, of Western Reserve 
University, Cleveland, Obi, forthe gif of toxin 
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A micro-pH electrode system suitable for routine laboratory use. 
By N. Jorts and J. I. MacNavuenuton. Respiratory Paralysis Research 
Umit, The National Hospital for Nervous Diseases, Queen Square, London, 
W.C. 1 


The electrode proper is a thin-walled Corning glass capillary 110 mm long and 
0-3 mm bore, into which the fluid whose pH is to be measured is drawn. 

The capillary is sealed into one arm of a glass U-tube containing 0-1 x-HCl. 
Asilver wire dipping into the other arm of the U-tube connects the electrode 
system to the pH meter. The U-tube is mounted vertically in the floor of a 
Perspex cylindrical compartment with the lowermost 15 mm of the capillary 
protruding beneath. This compartment contains liquid paraffin which serves 
primarily to prevent leakage of electrode potential and also minimizes temper- 
ature changes around the electrode. A larger bath containing water surrounds 
the paraffin bath, and is uniformly heated by a 12 ft. strip of plastic-covered 
tape heater wound on a Perspex former. A cartridge thermostat in the water- 
bath enables the temperature of the paraffin to be kept constant to within 
+0-15° at 37°C. The electrode is effectively protected from neighbouring 
electrical fields by earthing the metal case of the thermostat, and thus utilizing 
the water as a screen. 

One arm of a larger U-tube containing saturated potassium chloride 
solution is aligned vertically below the capillary electrode. A calomel electrode 
dips into the other arm. This U-tube is fixed to, and can be raised and lowered 
by, a simple hydraulic system consisting essentially of two syringes connected 
by polythene tubing. Raising the U-tube immerses the tip of the capillary in 
the KCl, thereby completing the electrode circuit. 

Continuous with the upper end of the capillary electrode is a length of fine 
bore polythene tubing leading to a 3-way tap. Fluids may be introduced into the 
capillary electrode through this 3-way tap, 0-1 ml. of sample being sufficient. 
An alternative method, requiring only 0-01 ml. for a single pH determination, 
is to draw the fluid up the capillary by means of a syringe modified to give 
micro-movements of its plunger, which is attached to the third channel of the 
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3-way tap. For this purpose the sample is collected in a small funnel with 
a blind end. The funnel fits in the open arm of the KCl U-tube, and can be 
raised hydraulically until the capillary tip is just immersed in the sample. 


We are grateful to Dr Maureen Young of the Physiology Department, St Thomas’s Hospita 
Medical School, London, for her advice and encouragement during this project. 


Sucrose-gap apparatus for studying the resting and action potential 
in mammalian non-medullated fibres. By R. W. Straus. National 
Institute for Medical Research, Mill Hill, London, N.W. 7 


Fig. 1 shows the apparatus described by Stampfli (1954) as modified by Ritchie 
& Straub (1956) for studying resting and action potentials in mammalian 
non-medullated fibres with external electrodes, The apparatus has the advan- 
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tage of recording strictly monophasic action-potentials, of allowing an 
easy change of solutions and of preventing any accumulation of ions or 
metabolic products between the fibres because of the continuous flow of the 
solutions. 

A low short-circuiting factor is obtained by a very large increase of the 
outside interpolar resistance by superfusing a strictly defined length of the 
nerve with an ion-free isotonic sucrose solution. On both sides of this sucrose- 
insulator the nerve lies in a polythene tube, in which Locke’s solution is flowing. 
A pair of electrodes dipping in the Locke’s solution records the potential 
difference between one Locke-sucrose interface and the other. 


Locke Sucrose Locke 
solution or test-solution 


Stimulator 


Desheathed 
bundle 


: KCl-agar 


To cathode follower 


Fig. 1. The figure shows the apparatus, consisting of an U-shaped arrangement of three polythene 
tubes, with the nerve in position. In the thin horizontal tube the nerve is bathed in sucrose 


solution which enters in the middle through a vertical tube and passes slowly in both direc- 
tions along the nerve. The sucrose solution is washed away by a vigorous flow of Locke’s or 
test solution through the two large vertical tubes on either side of the horizontal tube. The 
right vertical tube contains two circular stimulating electrodes, forming part of its inside 
surface. The recording silver-silver chloride electrodes dip in the outflowing solutions. 


The nerve used is a cleaned cervical sympathetic trunk from the rabbit; one 
of its subdivisions near the interface of the stimulated side is desheathed, the 
others being cut away. The desheathed length does not need to be longer 
than a few mm, probably because of the small space constant of the 
C-fibres. 

With this method-almost the full value of the resting potential changes and 
of the slow components of the action potential, such as after-potentials, is 
recorded. However, the recorded spike-potential does not reach the theoretic- 
ally expected value because of the temporal dispersion of the individual spikes 
| a2 
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occurring in a population of nerve fibres. The highest spike-potential was 
about 30 mV (Ritchie & Straub, 1956). This is more than ten times the value 
obtained by other methods. 
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Perfusion of the ventricular system of the brain in the anaesthetized 
cat. By B. K. Baarracnarya and W. Fe.psere. National Institute for 
Medical Research, Mill Hill, London, N.W. 7 


Experiments were carried out in cats under chloralose anaesthesia. For the 
perfusion of the ventricular system a cannula like that described by Feldberg 
& Sherwood (1953) was screwed into the skull with the tip lying in the lateral 


Fig. 1. Arrangement for perfusion of the ventricular spaces of the cat’s brain. 


ventricle. The cannula is closed at the top by a rubber diaphragm through 
which the syringe needle connected with the perfusion system was pierced. The 
outflow was collected from a fine metal cannula inserted into the cisterna 
magna by puncturing the atlanto-occipital membrane in the mid line, after 
cutting the skin and the superficial neck muscles in the back between ligatures. 
A Palmer continuous slow injector was used for perfusion. The syringe of the 
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apparatus was filled with Locke’s solution which was heated immediately before 
entering the cannula by passing through a water jacket in which water at 38° C 
was circulating by means of an air lift. The rate of perfusion was 1 ml. per 
10 min; under these conditions the outflow amounted to 1-05-1-2 ml. per 
10 min. Perfusions were continued for 5-6 hr. The perfusion arrangement is. 
illustrated in Fig. 1. 7 

In a few experiments the following modification of insertion of the outflow 
cannula was adopted : the atlanto-occipital membrane was exposed and opened 
and a fine polythene tube was carefully inserted into the fourth ventricle. 
When dye was added to the perfusion fluid it was shown that it all passed into 
the cannula, and that no stained fluid entered the cisterna magna. 

When anticholinesterase was added to the perfusion fluid the effluent con- 
tained acetylcholine. Neostigmine caused a greater output of acetylcholine 
than eserine or DFP when used in the same concentration. The output 
increased during the perfusion, but fell after the cat was killed by an intra- 
venous injection of pentobarbitone. 


REFERENCE 
Feldberg, W. & Sherwood, 8. L. (1953). J. Physiol. 120, 3 P. 


Action potentials of single cortical units evoked by stimulation of 
skin touch receptors. By J. L. Matcotm and I. D. Swirs. 
National Institute for Medical Research, Mill Hill, London, N.W.7 


Action potentials recorded by radio transmission from the cortex 
of non-anaesthetized, unrestrained, cat. By D. C. Gop and 
J. L. Matcoum. National Institute for Medical Research, Mill Hill, 
London, N.W.7 


Survival at sea: channel swimmers 1955. (Film.) By 0. G. Enno, 
H, E. Lewis and L. G. C. Pues 


Energy expenditure measured with the integrating pneumo- 
tachograph. (Film.) By J. M. Apa, H. E. Lewis and H. 8. Wotrr 


Polar physiology on the British North Greenland expedition 1952- 
1954, (Film.) By H. E. Lewis and J. P. Masterron 


Physiology on Mount Everest. (Film.) By L. G. C. Puen 
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Physiolégical equipment for the Trans-Antarctic Expedition. By 
A. F. Rocrrs and H. 8. Wotrr 


M.R.C, prototype sledging rations. By H. E. Lewis and J. P. 
MASTERTON 


Effects of metabolic inhibitors, potassium and lithium ions on the 
post-tetanic hyperpolarization in mammalian non-medullated 
fibres. By. J. M. Rrronre and R. W. Srravs. National Institute for 
Medical Research, Mill Hill, London, N.W. 7 


In vertebrate nerve a period of repetitive activity produces a long-lasting 
post-tetanic hyperpolarization (Hering, 1884) which is particularly pronounced 
in mammalian non-medullated fibres (Brown & Holmes, 1956) and is responsible 
for the post-tetanic alteration of the action potential (Ritchie & Straub, 1956). 
In the present experiments, the underlying mechanism of this hyperpolariza- 
tion was studied on desheathed bundles obtained from one of the subdivisions 
of the rabbit’s cervical sympathetic trunk which were mounted in the apparatus 
described elsewhere (Straub, 1956). 

With the fibres in Locke’s solution a 10 sec period of repetitive stimulation 
at 15 shocks/sec produced a hyperpolarization which reached its peak value of 
5 mV 140 msec after the end of the tetanus. Washing the fibres for 5-10 min 
with Locke’s solution containing 2:4-dinitrophenol (0-2 mm) reversibly 
abolished the post-tetanic hyperpolarization. Ouabaine (0-015 mm), cyanide 
(0-3-1 mm), azide (3 mM) or iodoacetate (1-3 mm) had the same effect. It was 
further found that the height and the time course of the post-tetanic hyper- 
polarization depended on the concentration of the potassium ions in the 

bathing fluid. Higher potassium concentrations decreased the rate of onset 
and decay of the hyperpolarization. In potassium-free solutions the hyper- 
polarization disappeared and there was instead a post-tetanic depolarization. 
In other experiments in which the sodium chloride of the Locke’s solution was 
replaced by lithium chloride, the fibres produced normal action potentials but 
instead of the post-tetanic hyperpolarization there was again a post-tetanic 
depolarization. 

The fact that the post-tetanic hyperpolarization is absent, under conditions 
in which the specific mechanism for the active extrusion of intracellular 
sodium is known to be affected, suggests that the post-tetanic hyperpolariza- 
tion is linked to this process. 

Our results can be explained on the assumptions that: (i) repetitive activity 
causes a large increase of the intracellular sodium concentration, thus greatly 
increasing the active sodium extrusion and the linked potassium uptake; and 
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(ii) that there is a diffusion barrier (probably the Schwann cells) between the 
excitable membrane and the bulk of the solution. The post-tetanic hyper- 
polarization would then be produced by a decrease of the potassium-ion con- 
centration just outside the membrane, caused by the active potassium uptake 
immediately after the tetanus being quicker than the replacement by diffusion 


through the barrier. 
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Formation of bradykinin or bradykinin-like substances by the 
action of plasmin on plasma proteins. By G. P. Lewis and 
T. Work. National Institute for Medical Research, Mill Hill, London, 
N.W.7 


A great deal of interest has recently centred on pharmacologically active 
polypeptides like bradykinin which stimulate smooth muscle and produce 
vasodilatation. These polypeptides are formed by the action of proteolytic 
enzymes on plasma proteins, although it is not certain whether all these 
smooth muscle stimulating polypeptides formed under different conditions 
are identical with bradykinin. It was of interest to find out if the proteolytic 
enzyme of plasma—plasmin—also possesses this bradykinin-forming activity 
as suggested by an observation of Beraldo (1950) made with crude plasmin, 
because of the possible role of intravascular formation of bradykinin or 
bradykinin-like polypeptides as a vasodilator mechanism in physiological and 
pathological conditions. 

The following experiments show that plasmin in vitro is capable of brady- 
kinin-formation : 

(1) Human plasmin prepared by the method of Miillertz (1955) was inoahated 
with the pseudoglobulin fraction of dog plasma and the mixture tested on 
isolated smooth muscle preparations. On incubation for 5-15 min the mixture 
developed increasing smooth muscle stimulating activity but when incubation 
was continued for 20-40 min the smooth muscle stimulating activity decreased 
and finally disappeared. The contraction which was obtained on the guinea-pig 
ileum and rat uterus was atropine resistant and, like that peaduced by 
bradykinin, proceeded slowly. 

(2) The action of plasmin, like that of trypsin, was inhibited by soya-bean 
trypsin inhibitor. 

(3) Human plasminogen, the precursor of plasmin, was prepared by the 
method of Kline, This preparation did not possess any proteolytic activity as 
Measured by casein hydrolysis, nor did it produce a smooth muscle contracting 
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substance when incubated with dog pseudoglobulin solution. But on addition 
of streptokinase (Burroughs Wellcome), which activates the plasminogen to 
plasmin (Christensen, 1945), the incubated mixture developed a bradykinin- 
like smooth muscle stimulating activity. 

(4) Plasmin activity in blood is known to be increased by chloroform (Rocha 
e Silva & Rimington, 1948). In the present investigation, human plasma treated 
with chloroform was found to develop smooth muscle stimulating activity. 

(5) The finding of Schachter (1956) that human plasma develops smooth 
muscle stimulating activity on dilution could be confirmed. Dilution of plasma 
is known to increase its proteolytic activity and this is interpreted as being due 
to activation of plasmin precursor (MacFarlane & Pilling, 1946; Dausset, 
Bergerot-Blondel & Colin, 1956). It is therefore probable that the smooth 
muscle stimulating activity which develops on dilution of plasma results from 
an action of plasmin on plasma proteins. 
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The difference in circulation times of plasma and corpuscles in 
the cat. By A. C, Groom and 8. Rowianps. Department of Physics, 
St Mary’s Hospital Medical School, London, W. 2 
One of the curves published by Dow, Hahn & Hamilton (1946) indicated that 
cells and plasma might have different transit times through the lungs of a dog. 
Freis, Stanton & Emerson (1949) investigated the blood flow through the 
human forearm, and came to the qualitative conclusion that the mean velocity 
of the red cells is ‘perceptibly greater’ than that of the plasma. Improvements 
in technique have now made it possible to confirm these suggestions and to put 
them on a quantitative basis. 

Red cells labelled with *P and human serum albumin labelled with ™I were 
injected alternately into the axillary vein of a cat anaesthetized with chlora- 
lose. The duration of the injection was about 0-05 sec. The radioactivity in the 
carotid arterial blood was measured continuously with a scintillation counter 
and pen recorder (Groom & Rowlands, 1956a, 6). The following intervals of 
time were taken from the records: 

(A) Injection to arrival of activity in the artery. 

(B) Injection to instant of maximum activity in the artery. 

(C) Arrival of activity in the artery to onset of recirculation. 
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Five pairs of injections were given to one animal (Expt. 1) and six pairs of 
injections were given to another (Expt. 2). The significance of the difference in 
circulation times of cells and albumin was assessed by Student’s t-test. In 
the table the mean times, in seconds, are shown (albumin/cells), naire with 
the probability of a similar result occurring by chance. 


A B C 
Expt. 1 6-1/5-4, P=0-05 11-0/9-6, P<0-01 13-5/11-5 P<0-001 
Expt. 2 3-1/3-0, P=0-3 5-6/5-0, P <0-02 6-7/5-6, P<0-01 


Circulation times (A) in Expt. 2 show no significant difference, but this 
might be expected since the times involved are so short. If this result is 
excluded the ratio of circulation times lies between 1-12 and 1-2. 


The authors wish to thank the Royal Society for a grant to one of them (S. R..). 
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Heat production in the hypoxic new-born infant. By H. R. Bropir,* 
K. W. Cross and T. R. Lomer. Departments of Physiology and Physics, 
St Mary’s Hospital Medical School, London, W. 2 


It was shown by Cross, Tizard & Trythall (1955) that the administration of 
15% oxygen caused a fall in oxygen consumption of about 17% in full-term 
infants. This fall was not accompanied by any considerable rise in respiratory 
quotient, from which it was concluded that there was no great production of 
organic acids from anaerobic glycolysis. As the total production of carbon 
dioxide also fell, it seemed that there was a diminished energy output when the 
new-born baby received a low oxygen mixture. Accordingly, measurements 
were made of selected skin and rectal temperatures while 15° oxygen was 
supplied to infants at rest in the body plethysmograph (Cross, 1949). The 
duration of the administration of 15% oxygen was restricted to 50 min and 
during this period no consistent trend of change in rectal or skin temperature 
was noted. It was observed, however, that the temperature within the plethys- 
mograph showed a greater rise above room temperature when the infants 
breathed air than when they breathed 15% oxygen. Ten experiments on air 
and on 15% oxygen were performed on seventeen full-term subjects in the 
first week of life. The mean temperature difference (plethysmograph tem- 
perature minus room temperature) was 5-65° C (s.p. 0-87) on air, and 3:59° C 
‘(8.p. 0-73) on 15% oxygen. This difference is highly significant (¢=5-73, 

* Nuffield Foundation Dominion Travelling Fellow. 
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P <0-001). It is concluded that this temperature difference is an index of 
different rates of heat production in the two groups of babies and thus shows 
directly that energy production falls when the new-born infant breathes 15%, 
oxygen. 

Ringelson, Rooth & Sjéstedt (1956) have recently reported some results of 
giving new-born babies 15% oxygen for a week for a different purpose. They 
have noted, among other findings, that the rectal temperatures of these babies 
are subnormal, and it would seem that the results reported here would explain 
this finding. 

REFERENCES 
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Breakdown of membrane resistance in the sinus venosus of the 
heart by acetylcholine. By O. F. Hutter 


Oedema-producing substances in the rat. By J. R. Parratr and 
G. B. West. Department of Pharmacology, School of Pharmacy, University 
of London 

It is a well-established fact that certain large-molecular-weight substances like 

dextran and the ovomucoid fraction of egg white produce, when injected into 

rats, pruritis and a characteristic distribution of oedema in the skin, affecting 
in particular the paws, the face and the external genitals. These symptoms 
have been associated with the release of histamine. For example, they can be 
mimicked on occasion by histamine releasers like compound 48/80 or Poly- 
myxin B (Bushby & Green, 1955), and prevented or reduced by certain 
antihistamine substances (Halpern & Briot, 1952) or by depletion of the skin 

histamine (Feldberg & Talesnik, 1953). 

It has been shown that both histamine and 5-hydroxytryptamine (5-HT) 
are released by certain histamine liberators (Bhattacharya & Lewis, 1956), 
and recently we have provided evidence that both need to be released to 
produce this oedema (Parratt & West, 1956). The following results show 
that 5-HT is the amine largely responsible, histamine playing a less 
important role (as suggested by Rowley & Benditt, 1956). 

(1) The oedemwa-producing substances studied release 5-HT as well as 
histamine from rat skin. 


(2) The oedema fluid contains detectable amounts of 5-HT but not of 
histamine. 
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(3) No oedema is produced if the skin is first depleted of its 5-HT content by 
reserpine treatment or prolonged treatment with compound 48/80. 

(4) Injections of histamine do not produce the phenomenon, whereas those 
of 5-HT do so both in the normal animal and in the animal whose skin hist- 
amine has been depleted by treatment with compound 48/80 or with 
Polymyxin B. 

Although the participation of an unknown third substance cannot as yet be 
excluded, the evidence suggests that the production of oedema by the so-called 
histamine releasers in the rat is mediated through the release of 5-HT. 
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The role of gonadotrophins in the production of cytological changes 
in the kidney and adrenal cortex of the male cat. By Mary C. 
LosBan.* Physiological Laboratory, University of Cambridge 

It has been shown that cytological changes in the kidney and in the adrenal 
cortex of the adult cat may be correlated with the state of activity of the 
gonads in both sexes (Lobban, 1952, 1955). In this work it was suggested that 
the deposition of large amounts of intracellular kidney lipid and the increased 
development of the zona reticularis of the adrenal cortex which are observed 
in the sexually inactive male cat might be brought about either by an altera- 
tion in the balance of sex hormones in the animal or by the direct action of the 
pituitary gonadotrophins upon the organs concerned. 

Experiments have been carried out on the adult male cat to investigate the 
éfiects of castration; castration with subsequent testosterone propionate 
replacement therapy; the implantation of oestrogen, progesterone and stilb- 
oestrol propionate; and the injection of pregnant mares’ serum (P.M.s.) and 
pregnancy urine (p.v.). Of all these experimental procedures, only surgical 
castration and the repeated injection of p.v. (100 i.u. Pregnyl-Organon 8.c. per 
diem for 8 days) produced changes in the kidney and adrenal gland exactly 
similar to those which have been observed previously in sexually inactive 
Male cats. 

These results suggest that the observed changes in the kidney and in the 
adrenal cortex of the sexually inactive male cat are brought about by the 

* With a research grant from the Royal Society. 
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action of the pituitary gonadotrophins upon these organs, and that it is the 
luteinizing fraction (L.H. =1.¢.8.H.) which is most active in this respect. 
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The effect of insulin hypoglycaemia on blood flow in the extremities. 
By M. J. Attwoop, Jzan Ginspure and A. Paton. Sherrington School 
of Physiology, St Thomas’s Hospital Medical School, London 


The effect of insulin hypoglycaemia on the blood flow in the extremities has 
been determined plethysmographically in normal and in sympathectomized 
limbs. 

Insulin, 20 units intravenously, was given to non-fasting subjects. With the 
onset of hypoglycaemia the blood flow in the forearm and calf increased in both 
normal and in sympathectomized limbs. The changes in flow in the hand and 
foot were variable in intact limbs; in sympathectomized limbs a reduction in 
flow was always observed. 

Insulin hypoglycaemia is associated with an increase in hand blood flow in 
subjects after adrenalectomy (Ginsburg & Paton, 1956) and after splanchnic- 
ectomy (French & Kilpatrick, 1955). When adrenaline secretion during 
hypoglycaemia is prevented a vasodilator response is thus unmasked in skin 
vessels. 

The possible role of sympathetic activity and of hormonal factors in 
determining these responses will be discussed. 
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The effect of adrenocorticotrophin on adrenal nuclei. By J. K. 
Burns, A. J. Hate and W. C. Hurcuison. Institute of Physiology and 
Department of Biochemistry, University of Glasgow 

Symington & Davidson (1956) have shown that the increase in weight of the 
human adrenal caused by the administration of corticotrophin (ACTH) is 
associated with a drop in the concentration of deoxyribonucleic acid (DNA). 
Fiala, Sproul & Fiala (1956) have found this is so in the rat also but have 
assumed in interpreting their results that the mean value of DNA per nucleus 


remains constant even though there is hyperplasia and hypertrophy of the 
adrenal cells. 
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Nuclei, isolated by the citric acid and sucrose-calcium chloride method 
from adrenals of normal and ACTH-treated guinea-pigs, were stained by the 
Feulgen method and their extinctions and areas measured by microscopic 
methods. It was found that the average area of the adrenal nuclei of ACTH- 
treated animals was approximately 50% greater than that of the nuclei from 
the adrenals of control animals and the average extinction was approxi- 
mately 33% less in the adrenal nuclei of the treated animals. This indicates 
that although ACTH causes an appreciable increase in the size of the nuclei it 
does not affect the total amount (extinction x area) of DNA present in each 
nucleus. This finding was confirmed by biochemical methods. 
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The decrement in calorie requirements with increasing age in 
women. By J. V.G. A. Durnin. Institute of Physiology, University of 


Glasgow 


For the purpose of calculating the number of calories needed by different age 
groups of the population, the FAO Committee on Calorie Requirements (1950) 
suggested a decrease of 74 °% of the recommended allowance at age 25 for each 
decade over this age. This reduction was considered excessive for Britain and 
3% was thought a more appropriate value (FAO/WHO Expert Committee on 
Nutrition, 1955), although this was based mainly on some evidence showing 
an apparent reduction of 3% per decade in the basal metabolic rate. In 
Britain, at least, there is little information on which to advise any decrease 
in calorie requirements related to ageing in women; few dietary surveys have 
been done on middle-aged and elderly women. 

A study was made of the individual food intake and energy expenditure 
of two groups of adult women, the one aged 50 years and the other aged 20. 
One group consisted of 12 middle-class, middle-aged Glasgow housewives, 
and the other group of 12 was made up of their adult daughters. The mean 
energy expenditure of the middle-aged women was 2090 kcal/day; that of 
the young women was 2255 kcal/day. These results fit well with a 3% 
decrement for each decade over the age of 25. Again, if the 3% decrement 
is applied to the predicted energy expenditure of the FAO ‘reference 
woman’ (FAO Committee on Calorie Requirements, 1957), who is aged 
25 years and engaged in ordinary housework, the recommended value of 
2300 keal/day at age 25 becomes reduced to 2130 kcal/day at age 50. This 
latter value also agrees well with the mean energy expenditure of the Glasgow 
housewives of the same age. | 
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Although this limited evidence supports a 3% decrement for each decade 
up to the age of about 50, it seems likely from other data that the 
decrease in energy requirements becomes more marked around 55-60 years 
of age. 

This work was financed by the Scottish Hospital Endowments Research Trust. 
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Method for administering micromicellar aerosols to guinea-pig 
isolated lungs. By L. A. L. and 
C. Heymans. J. F. Heymans-Institute of Pharmacology, University of 
Ghent, Belgium 

In previous publications (Bhattacharya & Delaunois, 1955; Delaunois & King, 

1956) a method has been described in which an isolated guinea-pig lung 


preparation is perfused and volume changes and perfusion rate are registered 
during the administration of drugs by injection into the perfusion circuit. 


Slow leak regulator 
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Fig. 1. Left: artificial thorax and water-bath, 7',, inner tube; T,, outer tube; F, funnel; B, elec- 
trodes for perfusion registration; H, spiralled tube for heating the perfusion fluid; Z, bubble 
trap; G, clamp for the regulation of the perfusion rate; 7'h, red copper tube for heating the 
gases; V, unidirectional valve.’ Right: top cover for the artificial thorax. D, top cover plate 
in Perspex: A,, Perspex attachment; (, brass cone-shaped attachment; 7’.C., tracheal cannula ; 

P.O. perfusion cannula; 8, inside screen; 7’, conducting tube for gas and aerosol; L, lung. 
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By a new method, based on the experience gained with the first technique, 
it is possible to register the volume changes of isolated guinea-pig lungs 
(maintained at 38° C in an artificial thorax and perfused through the pulmonary 
artery), after inhaling liquid or solid, pharmacologic, irritating or toxic 
micromicellar aerosols under adjustable inspiratory negative pressure and 
amplitude. 

Fig. 1 shows the details of the apparatus. The guinea-pig lung breathes 
through the cannula 7.0. pure carbogen (95% 0,+5% CO,) or carbogen 
carrying @ micromicellar aerosol issuing from an aerosolator of the D 31! type 
(Dautrebande, 1953). Perfusion is carried out with a Tyrode+3% dextran 
solution through the cannula P.C. into the pulmonary artery. The registration 
of the lung resistance is done by a Marey-tambour and regulated by a slow 
leak. 

Experiments have been carried out with this technique and showed an 
increased response, compared with the first method, of the lungs to drugs and 
toxic substances. 

A full description of this technique with experimental results will be pub- 
lished in the Archives Internationales de Pharmacodynamie. 
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The effect of metabolic inhibitors on electrical activity and 
tension of intestinal smooth muscle. By Epirx Bi.prine and 
H. Litumann. Department of Pharmacology, University of Oxford 


The isolated taenia coli of the guinea-pig was used for recording membrane 
potential and tension. The immediate effect of 2:4-dinitrophenol (DNP), used 
in concentrations from 10-* to 10-* m, was an increase in electrical activity. 
The rate of spontaneous discharge of spike potentials and the spike duration 
was increased. At the same time there was a fall in tension which was only 
sometimes preceded by a slight transitory rise. Often the muscle was fully 
relaxed at a time when the spike frequency was higher than normal. The 
period of electrical excitation was followed by depression. High concentrations 
of DNP or prolonged exposure to weaker solutions caused cessation of all 
electrical and mechanical activity. During this period of silence the membrane 
potential was higher than in control periods before or after. The action of 
DNP was completely reversible. 

Acetylcholine and histamine given in the presence of DNP 10-*m were still 


able to cause an increase in spike frequency as in normal conditions, but failed 
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to cause a rise in tension, except in some experiments in which a brief initial 
rise occurred. Thus DNP dissociated events taking place at the membrane 
from the contractile mechanism. 

The effect of sodium azide (10-"—5 x 10-1m) was similar to that of DNP 
though much less striking; it was also reversible. 

The effect of mono-iodoacetic acid was entirely different. The onset was 
slow. The membrane potential and the spike configuration remained unchanged 
over periods up to 90 min, depending on the concentration used, while the 
frequency of spike discharge gradually decreased and stopped in parallel with 
the muscular relaxation. The effect was irreversible. 


The effect of changes in NaCl concentration on the membrane 
potential, electrical activity and tension of intestinal smooth 
muscle. By Moti Hotman. Department of Pharmacology, University 
of Oxford 

Simultaneous records of membrane potential and tension were obtained from 

the taenia coli of the guinea-pig. Sucrose was used to adjust tonicity. 

The response of the muscle to increased NaCl (14, 2 and 3 times normal) 
showed two phases: first excitation, and then depression resulting in partial 
relaxation; further relaxation occurred on return to normal solution. The 
excitation (increase in spike frequency and tension) began as soon as the test 
solution reached the preparation. Maximum increases in frequency (150%) 
and tension (65 °%,) occurred after 10-15 min, At the height of activity spikes 
became smaller and their duration increased. This phase was followed 
immediately by depression which lasted until the high NaCl solution was 
removed. In 1} tames normal NaCl the preparation relaxed but an irregular 
discharge of spikes continued throughout the test period. These spikes were of 
brief duration and often larger than normal. In 2 and 3 times normal NaC! all 
spikes disappeared but the preparation did not relax fully. During this period 
the membrane potential fell. 

Return to normal solution had, at first, no effect. 10-20 min after changing, 
an abrupt fall in tension occurred, associated with an increase in membrane 
potential. Tension remained low until spikes reappeared. 

Hypertonic solutions containing sucrose in concentrations osmotically 
equivalent to the increased NaCl did not produce excitation. Spike frequency 
and tension gradually fell and on return to normal solution slow recovery took 
place without any discontinuity. | 

Reduction of NaCl caused a gradual slowing of spike frequency and a fall 
in tension. When the NaCl was reduced to one-third of normal, spikes ceased 
after 30 min and the muscle relaxed completely. Spikes reappeared im- 
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mediately on return to normal solution and tension recovered. When the 
NaCl was reduced to one-tenth of normal, all activity ceased in 7 min. This 
effect was not completely reversible. 


Local activation of striated muscle from the frog and the crab. 
By A. F. Huxtey. Physiological Laboratory, University of Cambridge 
Earlier experiments (Huxley & Taylor, 1955) showed that when a small area 
(about 24 diameter) of the surface of an isolated muscle fibre of the frog was 
depolarized, a local contraction resulted only if this area was opposite an 


Fig. 1. Edge of a muscle fibre of the era) polarized light, compensated so that A bands and Z lines 
appear dark. Successive frames from a cine film taken at 16 frames/sec. The start of a negative 
pulse applied to the pipette occurs between frames 1 and 2. The Z line is deflected to the left 
showing that only the left-hand half of the J band shortens. 


I band. Similar experiments on crab muscle (sarcomere length about 8 1) 
have shown that the sensitive region in this case is close to the boundary 
between A and J. When such a point on the fibre surface is depolarized only 
the adjacent half-J-band shortens, the Z line being pulled towards the A band 
a8 shown in Fig. 1. 
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The experiments on frog fibres were repeated to test whether this difference 
was real or only apparent. The experiments were done with the interference 
microscope, with which the Z lines are clearly shown ; in the earlier experiments 
a polarizing microscope was used and the Z lines were invisible. 

It was confirmed that a contraction resulted only if the tip of the pipette 
overlapped a Z line, and the shortening of the J band was always symmetrical 
(Z remaining central) even when a weak contraction was obtained by placing 
the edge of the pipette opposite the Z line. The difference from crab muscle is 
therefore a real one. 

The sensitivity does not extend continuously along the line of contact 
between Z and the muscle membrane, but is confined to spots separated by 
distances of the order of 5 p. 

It was found that the inward spread of the contraction was graded with the 
strength of the applied current, with no trace of all-or-none behaviour even 
when the fibre as a whole was able to respond to an ordinary stimulus with an 
all-or-none twitch and propagated action potential. 

These observations will be illustrated by cine-film records. 


REFERENCE 
Huxley, A. F. & Taylor, R. E. (1955). J. Physiol. 130, 49 P. 


Protoplasmic replication measured in terms of nail growth. By 
H. B. Anprervont, J. B. Hammtron and M. National 
Cancer Institute, Bethesda, Md., and Department of Anatomy, State 
University, N.Y. 


Properties of the substance in cerebrospinal fluid which sensitizes 
_ the frog rectus muscle to acetylcholine. By B. K. Baarracnarya, 
W. Feipsere and W. Voer. National Institute for Medical 
Mill Hill, London, N.W.7 


>» 


Characteristic action potentials in different subcortical regions of 
the brain after injection of tubocurarine into the lateral 
ventricle of the anaesthetized cat. By W. Fetpsere, J. L. 
Matcotm and I. D. Smrrn. National Institute for Medical Research, 
Mill Hill, London, N.W.7 


Prevention of atrial fibrillation in the heart-lung preparation by 
adrenaline. By J. H. Burn and J. M. Waker 


Hu 


SOCIETY, 2-3 NOVEMBER 1956 19 P 


Selection of representative sites for measuring changes in human 
subcutaneous tissue thickness. By Heten M. Ferres, H. E. Lewis 
and J. P. Masterton. Division of Human Physiology, National Institute 
for Medical Research, Mill Hill, London, N.W.7 


Human energy balance on a polar expedition. By H. E. Lewis, 
J, P. Masterton and Exsre M. Wippowson. Division of Human 
Physiology, National Institute for Medical Research, London, and Depart- 
ment of Experimental Medicine, Cambridge 
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An apparatus for long-continued infusions into the unrestrained , 
dog. By P. A. Jewett. Department of Physiology, Royal Veterinary 

| College, London, N.W. 1 } 
The apparatus was devised so that animals might be kept in a state of excessive q 
hydration for periods up to 10 days. The dog wearsa modified harness (Fig. 1, a)* 


to which is attached a bicycle Bowden cable casing (b) carrying a polythene ; 
tube. This cable is passed through a guide (i, fixed in the kennel) and is arranged 7 
in a counter-weighted pulley system (c) which affords a wide range of move- r 
ment to the animal. The pulley-system suspension rotates freely on a ball- 
race (2). To allow this rotation a long length of 2 mm diameter Portex tubing 
(e), which can coil and uncoil on a disk ( f) above the pulley-system, joins the 
polythene tubing to the stationary pump. A roller-race pump (Bayliss, 1955) 
(g), driven by a constant speed motor (h), controls the flow of water from an 
aspirator reservoir. The tubing used in the pump is Portex (2mm internal 
diameter, 1 mm wall thickness); this tubing may be in continuous use for at 
least 4 days without replacement. The water reaches the animal via a fine 
polythene stomach tube inserted into the oesophagus in the neck and flanged 
where it passes through the oesophageal wall. 

The apparatus, modified to take a drip bottle, has been used by Miss B. M. Q. 
Weaver in the Beaumont Animal Hospital for the post-operative intravenous 
, Sdministration of fluids to ambulant patients. 


The assistance of Mr V. Tindley in making components of this apparatus is gratefully 
acknowledged. 


REFERENCE 
Bayliss, L. E. (1955). J. Physiol. 128, 29P. 


* See figure on p. 22 P. 
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Lead 


Fig. 1 


A method of obtaining the gastric secretion from the un- 
anaesthetized guinea-pig. By J. Warr and C. W. M. Wusov. 
Departments of Pathology; and Pharmacology and General Therapeutics, 
University of Liverpool 

Gastric secretion can easily be obtained from the unanaesthetized guinea-pig 

by means of a polythene stomach tube, provided certain conditions are 

observed in the feeding and handling of the animals before the passage of 
the tube. The guinea-pig has a small fasting gastric secretion. A large volume 
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of gastric secretion (16-20 ml.) is obtained 1 hr after the intramuscular 
injection of histamine in beeswax and the method of obtaining this secretion 
will be demonstrated. 

Large guinea-pigs of 500 g or more in weight are used because the oesopha- 
geal mucosa may be damaged during intubation in smaller animals. Food 
is removed from the cages for about 16 hr before the tube is passed, although 
water is available. The gastric secretion is removed early in the morning about 
an hour before the first feed is normally given. By following this programme 
yery little or no faeces are found in the gastric contents, since the animals 
generally do not indulge in coprophagy until after the time when they regu- 
larly receive their meal. Polythene tubing of 1-5 mm bore and 0-5 mm 
thickness is used and for each animal the external distance from the incisor 
teeth to the xiphisternum is marked on the tube. This mark corresponds 
approximately to the distance of the cardiac orifice from the teeth. The guinea- 
pig is firmly held by the skin of the back of the neck with the abdomen 
uppermost and the neck fully extended. When the animal squeaks, the tube, 
previously lubricated with liquid paraffin, is introduced into the mouth, and 
passed along the groove in the middle of the hard palate, whence it slips into 
the upper part of the pharynx. The tube is then eased gently down the 
oesophagus. While the end of the tube is in the oesophagus, air-bubbles in the 
tube can be seen moving up and down in time with the respiration. This 
movement ceases when the tube enters the stomach. At the cardiac orifice 
some resistance is occasionally felt and the guinea-pig may wriggle slightly. 
The animal is then held with the head downwards and the gastric secretion 
flowing out of the tube is collected in a suitable vessel. When the stomach is 


almost empty air bubbles or mucus may appear in the tube. During collection 


of the secretion the tube should not be pushed further into the stomach than 
is absolutely necessary since the end may damage the mucosa. If the flow of 
secretion stops, it may be started again by gently compressing the abdomen 
a few times or by rotation of the stomach tube. Occasionally if faeces or 
thick mucus are present the tube may need to be cleared by blowing air into the 
stomach from a syringe. Should the tube be obstructed during its passage 
into the stomach at the first attempt, it should be completely withdrawn. 
Almost invariably it will pass easily through the cardiac orifice at the second 


b2 


rd 
7 
7 
> 
? 
ig 
e 


24P PROCEEDINGS OF THE PHYSIOLOGICAL 


Action of polymyxin B on tissue mast cells of the rat. By J. R. 
Parratr and G. B. West. Department of Pharmacology, School of 
Pharmacy, University of London 

In 1955, Bushby & Green showed that polymyxin B injected subcutaneously 

in rats is about as active as compound 48/80 in releasing skin histamine remote 

from the site of the injection. A single dose of 5 mg/kg, for example, depleted 
skin histamine to about 25%, of its control value and also degranulated mast 
cells of the mesentery. 

We have administered polymyxin B intraperitoneally into rats (29 mg/kg 
in five divided doses over 3 days) and traced its effect on the mast cells, 
histamine and 5-HT contents of the tissues. Mast cells in the mesentery, 
subcutaneous connective tissue and dorsal skin of the feet show widespread 
disruption; the metachromatic material, however, is not dispersed as it is 
following compound 48/80 treatment. It appears to be collected in fibro- 
blasts and macrophages as metachromatic granules of varying sizes, and the 
demonstration will illustrate its abnormal appearance. With maximum dis- 
ruption of the cells, the tissue histamine falls to values of 5—7 % of the normal 
control values but the tissue 5-HT levels are but little affected (85-90%, of 
the control values). These values are in sharp contrast to those found following 
treatment with reserpine. 

Recovery experiments indicate that the tissue histamine is extremely slow 
to return, some tissues 28 days after the injections still lacking 50% of their 
normal content. At this time the metachromatic material in the tissues 
resides in at least two locations: (1) the numerous granulated fibroblasts and 
macrophages which collected it following disruption of the mast cells by the 
polymyxin; and (2) new mast cells. The slow recovery of tissue histamine 
may be linked with the inability of the metachromatic material in the former 
location to bind histamine, since it is known that a stable complex of heparin 
and polymyxin can be formed (Higginbotham & Dougherty, 1956). 


REFERENCES 


Bushby, 8S. R. N. & Green, A. F. (1955). Brit. J. Pharmacol. 10, 215-219. 
Higginbotham, R. D. & Dougherty, T. F. (1956). Proc. Soc, exp. Biol., N.Y., 92, 493-494. 


Inhibition of oedema production in the rat. By J. R. Parratr and 
G. B. West. Department of Pharmacology, School of Pharmacy, University 
of London 

The substances used to produce oedema in the skin of rats were 5-hydroxy- 

tryptamine (5-HT, 0-5yg), histamine (100ug), compound 48/80 (lg), egg 

white (50g native) and dextran (6yg). All were injected subcutaneously in a 
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yolume of 0-10 ml. into the dorsal skin of the feet. Each rat was injected 
intravenously with 2mg of Evans blue in saline immediately before the 
subcutaneous injections. There was maximum swelling and deep blueing of the 
entire dorsal surface of the feet by about 30 min after the injections of the 
oedema-producing materials, and this persisted for four or more hours. The 
gross response, blueing and oedema, was graded 0 to + + +. 

Pre-treatment of the rats with repeated intraperitoneal injections of reser- 
pine prevented dextran oedema and greatly reduced the oedema following 
local injections of compound 48/80 or egg-white. Pre-treatment with poly- 
myxin B (to reduce tissue histamine levels to no more than 5% of control 
values) failed to modify the responses of any of the oedema-producing sub- 
stances (see Table 1). 

Drugs used to inhibit the oedema production were injected intravenously 
(4 mg/kg), together with the Evans blue. The specific anti-5-HT* substance, 
brom-lysergic acid diethylamide (BOL 148), completely prevented the oedema 
produced by 5-HT, compound 48/80, egg white and dextran without altering 
the histamine response. The antihistamine substance, promethazine hydro- 
chloride, reduced the histamine and dextran responses without affecting those 
of the other substances tested. Mepyramine was not effective against any of 
the substances used. 


Tasiz 1. The effect of pre-treatment with drugs on the gross oedema produced by the local 
injection of certain substances into the feet of the rat 


Oedema recorded on a relative scale from 0 to + + +. 


Pre-treatment with 

Substance ‘Saline Reserpine Polymyxin BOL Promethazine Mepyramine 
Saline 0 0 0 0 0 0 
5-HT +++ +++ +++ 0 +++ +++ 
Histamine +++ ++ +++ +++ + ++ 
48/80 +++ + +++ 0 ++ +++ 
Egg-white +++ + +++ + +++ +++ 
Dextran +++ 0 +++ 0 ++ +++ 


The oedema produced by compound 48/80, egg-white and dextran is medi- 
ated through the release of 5-HT (Parratt & West, 1957) since it is inhibited 


‘by pretreatment with reserpine (which depletes the tissues of 5-HT) and 


prevented by pretreatment with BOL 148 (a specific anti-5-HT compound). 
These inhibitions will be shown in the demonstration. 


REFERENCE 
Parratt, J. R. & West, G. B. (1957). J. Physiol. 135, 10P. 
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A method for determining the relative amounts of oestrogen 
and progesterone in the living rabbit. By Brenpa M. Scuorte.p. 
Department of Physiology, Royal Veterinary College, London, N.W. 1 

Experiments are carried out in the rabbit anaesthetized with pentobarbitone. 
The method used is that already published (Schofield, 1955). The uterus is 
stimulated directly by applying electrical stimuli of 5 sec duration and 10 V 
per 2-5-3cm segment and the tension developed by the myometrium is 
recorded on smoked paper by means of an isometric lever. The staircase effect 
is then studied by altering the frequency of stimulation between one stimulus 
per $, 1 and 2 min. The tension developed in response to these stimuli is 
different for different frequencies and this constitutes the staircase effect. It 
is dependent for its form upon the dominant ovarian hormone, Thus when 
oestrogen is dominant the staircase is positive with positive correlation 
between frequency and tension; when progesterone is dominant the staircase 
is negative with negative correlation between frequency and tension. The 
staircase effect is used to trace the hormonal dominance throughout pregnancy 
and in this demonstration the staircase effect will be shown in two rabbits— 
on the 11th and on the 31st day of pregnancy. One fallopian tube is tied 
before mating in order to produce a unilateral pregnancy. Recordings are 
then made from the non-pregnant horn. On the 11th day the tension is low 
owing to low oestrogen output, and there is a steep negative staircase indicating 
marked progesterone dominance. At the end of pregnancy there is a reversion 
in hormone dominance and on the last day the tension is high and the stair- 
case is positive, indicating a high output of oestrogen with little or no 


progesterone. 
REFERENCE 


Schofield, B. M. (1955). J. Physiol. 129, 289-303. 


Measurement of the pH of a fibrous phase; collagen in aqueous 
media. By D. M. G. Armsrrone. Department of Physiology, Royal 
Veterinary College, London, N.W. 1 

Recently, Caldwell (1954) has measured the pH of muscle fibres by insertion 
of micro glass and reference electrodes into the fibre. The pH of a fibrous phase 
can, however, be obtained using ordinary electrodes, providing a solution in 
electrochemical equilibrium with the phase is available. There would be no 
potential difference between a glass electrode in that solution and one in the 


fibrous phase (Overbeek, 1956), hence the pH of the fibrous phase can be 
obtained by the cell: | 


Hg/Hg,Cl, | Saturated | Fibrous ! Equilibrium | Glass 
KCl solution phase solution electrode 


pre} 
briu 
The 
Il, 
the 
sur 
the 
to 
elec 
the 
br 
pt 
co 
ce 
(P 
Ag 
80 
| 
b 
| 


SOCIETY, 14-15 DECEMBER 1956 27 P 


We have determined the pH of strips (ca. 15 x 0-4 x 0-4 cm’) of collagen, 
prepared from ox skin by the method of Bowes & Kenten (1948), in equili- 
brium with solutions of HCl and KOH, using the apparatus shown in Fig. 1. 
The procedure adopted is as follows: with the calomel electrode R in position 
II, the cup. C, is filled with solution in equilibrium with a strip of collagen and 
the pH of that solution, pH,, determined. The strip of collagen, S, is dried 
superficially with filter-paper, one end inserted in the equilibrium solution, 
the other in saturated KCl in cup C,. The calomel electrode is then transferred 
to position I and the pH of the collagen strip pH,, determined. The tap L 
prevents changes of concentration in the KCl solution around the calomel 
electrode, yet allows electrical contact. 


Saturated KCI 
solution 
eR 
1-5} 
Fig. 4 
1-0F 
Equilibrium 
i 
= ution 
pHe 
o—e—e Theoretical 
Fig. 2 


Fig. 2 shows a graph of the difference in pH, pH; — pH, against the pH of 
the external solution. Groups of four strips were allowed to come to equili- 
brium in the same solution, each vertical line representing the range of pH, 
values obtained. Collagen being an ampholyte, at low pH’s pH, is higher than 
pH, whilst at high pH’s it is lower. From determinations of Cl’ and H’ 
concentrations and of the final volume of the collagen phase, the H’ con- 
centration in the latter can be calculated using the simple Donnan theory 
(Peters & Speakman, 1949) and theoretical values of pH;—pH, plotted 
against pH, showing the theory to be followed, with calculated values of pH, 
somewhat higher than actual values. 

The graph indicates the possibility of obtaining the isoelectric point of 
collagen (i.e. the pH of the buffer such that in equilibrium with collagen the 
external pH is the same as that of the collagen phase). Using universal 


buffers made of mixtures of organic base hydrochlorides and KOH, with buffer 


capacity and ionic strength (=0-002) both constant over 4 pH units, the 
isoelectric point of alkaline (Ca(OH), Na,S) treated collagen was 5-35 + 0-10. 
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From the same data the iso-ionic point (pH of the buffer which after addition 
of ampholyte has the same pH) was 5-1. With natural collagen preliminary 
experiments indicate that the isoelectric point is higher than 8, the iso-ionic 
point being 6-1 (at ionic strength 0-01 the iso-ionic point is 6-6 to 6-7). 

The critical part in the determination of the pH of a fibrous phase is the 
junction between it and saturated KCl solution (Overbeek, 1953, 1956). 
Thus, using micro-electrodes drawn out from thick-walled capillaries and filled 
with saturated KCl solution, large fluctuations of the pH were obtained with 
each insertion in the phase. It is doubtful if such fluctuations indicate non- 
homogeneity in the phase. The pressure on the tip of the electrode whilst being 
inserted can be as high as hundreds of atmospheres, and it is possible that the 
tip is thereafter in contact with solution exuded from the tissues (this has 
nearly the same composition as the external solution) or even that exuded 
liquid is forced into the capillary when a permanent e.m.f.is produced (Overbeek, 
1953). We have obtained such permanent changes in p.d. after some insertions, 
similar to the ‘tip potentials’ described by Adrian (1956). 
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Microchemical identification of sugars as osazones. By E. G. C. 
CLaRKE. Department of Physiology, Royal Veterinary College, London, 
N.W.1 

Methods for the identification of sugars based on the shape of the crystals of 

the osazone formed by reaction with phenylhydrazine (Fischer, 1884) have 

been described by numerous workers (Van der Haar, 1920; Hassid & McCready, 

1942). These methods need milligram quantities of material. The technique 

to be described can be carried out with 50g or less, and is suitable for the 

final identification of a sugar eluted from a paper chromatogram. 

A stock solution is made by dissolving 25 g sodium acetate and 1 g sodium 
sulphite in a mixture of 25 ml. acetic acid and 75 ml. water. The reagent is 
made by dissolving 20mg freshly recrystallized phenylhydrazine hydro- 
chloride in 1 ml. of this solution. 5yl. of the sugar solution (0-25-1-0%) is 
taken up into a capillary melting-point tube, and an equal volume of the reagent 
added. The tube is sealed at both ends, placed in a test-tube full of hot water 
in a boiling water-bath and heated to about 95° C for 15 min. The test tube is 
then removed from the water-bath, and allowed to cool slowly to room tempers- 
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ture. The capillary tube is examined under the microscope. Characteristic 
orystals are given by xylose, glucose, rhamnose, maltose, lactose, cellobiose 
and galactose. 

For sugars and sugar derivatives that do not give distinctive phenyl- 
osazones, Other substituted hydrazines may be used, employing the same 
technique. Thus ribose gives typical crystals with p-tolylhydrazine, sorbose, 
galacturonic acid, fructose-6-phosphate and fructose-1-6-diphosphate with 
o-tolylhydrazine and melibiose, digitoxose, turanose and glucuronic acid with 
p-bromophenylhydrazine. 

Glucose, mannose and fructose, which give the same osazone, may be differ- 
entiated as follows: fructose is identified as its methylphenylosazone. 5yl. of 
2% fructose solution is mixed with an equal volume of a 2% solution of 
methylphenylhydrazine in 4N acetic acid in a melting-point tube and heated 
at 95° C for 10 min. It is then allowed to cool rapidly to room temperature. 
Fructose methylphenylosazone crystallizes out in rosettes of irregular plates. 
Glucose gives similar crystals on long standing. In the case of mannose a 
microdrop of a 2% solution of the sugar is mixed with a similar volume of the 


_ p-bromophenylhydrazine reagent, using the technique described by Clarke 


& Williams (1955) for the identification of alkaloids. Crystals of mannose 
p-bromophenylhydrazone separate out on standing in the cold. Fucose can 
also be identified as its p-bromophenylhydrazone, satan in this case a 
5% solution of the sugar should be employed. 

In order to avoid optical distortion, the capillary tube may be mounted in a 
0-2% solution of agar in 25%, calcium chloride solution and covered with a 
cover slip. 

In all cases identification should be carried out by comparing the crystals 
of the derivative formed from the test substance with those formed from a 
known sample of the sugar in question. 
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The measurement of oxygen consumption in small animals. By D. G. 
Harvey. Department of Pathology, Royal Veterinary College, London, 
N.W.1 

Many methods exist for the measurement of the oxygen consumption of small 

animals. Most of these can be used in the assay of various metabolic stimu- 

lants, e.g. thyroxine, its analogues, and the 2:4-dinitrophenol group, e.g. 
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the difficulty of obtaining good basal measurements. This means that long 
periods of time (1-2 hr) must be allowed to the animals in order to enable them 
to settle down to a resting condition (Gaddum, 1930). Obviously this is a 
very important limitation when rapidly acting substances such as the DNP’s 
are under investigation and may reach their peak effect in 1-2 hr (Tainter, 
1934). In attempting to shorten the settling period, attempts have been made 
to design a metabolism chamber that will give maximum comfort to animals 
in the minimum of time (0-25-0-5 hr). The prototype demonstrated is suitable 
for the collective or individual measurement of the oxygen consumption of 
six animals in the weight range 25-500 g at 25° C. The resting oxygen com- 
sumption of normal mice, rats and guinea-pigs has been determined and the 
values obtained are in close agreement with those obtained by other workers 
(Gaddum, 1944; Reineke & Turner, 1942). Preliminary experiments suggest 
that the guinea-pig is the most suitable of the three species for the assay of 
the metabolic stimulants because its ‘natural’ activity is much lower than that 
of the other two species. In addition, it settles down to reasonable basal con- 
ditions in about 0-25 hr. The coefficients of variation of the mean oxygen 
consumptions of the three species illustrates this point. Thus, mice (25 g) have 
a coefficient of variation of 10-12, rats (125 g) 16-20, guinea-pigs (80-500 g) 7-0. 
Thanks are due to the Medical Research Council for a grant that has aided this work. 
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Tissue changes in alimentary canal of mouse induced by ricin 
poisoning. By J. H. Jackson. Division of Biology, Royal Veterinary 
College, London, N.W. 1 

Ricin, a protein found in the seeds of the castor-oil plant, Ricinus spp., 

has long been known to be highly toxic. It has been crystallized (Kunitz & 

Macdonald, 1948) and has been shown to have a molecular weight of about 

80,000 (Kabat, Heidelberger & Bezer, 1947). On hydrolysis it gives the 

amino-acids usually found in plant proteins (Karrar, Smirnhoff, Ehrensberger, 

van Slooten & Keller, 1924). 

The exact mode of action of ricin when introduced into an animal is 
unknown. Miiller (1899) suggests that its lethal effect is due to its action on the 
medulla, leading to vasomotor and respiratory paralysis. Degenerate changes 
in pyramidal cells of the cerebral cortex of the guinea-pig have been described 
by Berkeley (1896). Lesions in various organs such as liver, kidney and spleen 
have been recorded by Miiller (1899) and by Flexner (1897). It is also known 
that ricin has the ability to agglutinate erythrocytes and other cells in vitro. 
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The toxicity of ricin administered by parenteral injection is very great, 
being of the order of from 5 to 50 pg/kg live body weight. Miessner (1908) Bt 
showed that it was 500 times less toxic when taken by mouth, while Hazen 1 
(1927) showed that when administered per rectum it was 800 times less toxic ) 
than when given intravenously. Clarke & Jackson (1956) found that in the 
-mouse about 25,000 times the intra-peritoneal lethal dose must be given by 
mouth in order to produce death. 

It is difficult to understand how such a non-diffusible protein with a very 
large molecule can be absorbed from the gut. According to Moriyama (1934), 
the action of pepsin on ricin is slow: he showed that under the action of pepsin 
the toxicity is reduced, and that no toxicity is retained beyond the peptone 
stage. Trypsin also attacks ricin very slowly, the loss of toxicity being roughly 
proportional to the increase in free amino groups (Karrar e¢ al. 1924). 

In addition to the systemic changes caused by ricin poisoning there is 
usually a local necrosis at the site where ricin has been injected. Clarke & 
Jackson (1956) have found that when large quantities of ricin are introduced 
into the alimentary canal of the mouse marked changes are induced in the gut 
wall, particularly in the small intestine. These include haemorrhages in the 
villi, oedema of the subepithelial tissue, and degradation of the epithelium. 
It seems possible that these changes may be due to the localized action of 
ricin on the gut wall, causing an increase in its permeability, and thereby enabling 
the toxin to reach the blood stream and so to produce its secondary effects. 
Stained sections of mouse gut which demonstrate these changes are shown. 
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- The estimation of acetone bodies in blood and urine. By P. A. Mayes. 
Department of Physiology, Royal Veterinary College, London, N.W. 1 

The method to be demonstrated has been in use with complete satisfaction for 

over 12 months. Acetone distillates derived from the individual acetone 

bodies are treated with 2:4-dinitrophenylhydrazine and estimated by a 

“ modification of the colorimetric procedure of Greenberg & Lester (1944). 
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Previous workers have found difficulty in avoiding loss of acetone on dis- 
tillation and in obtaining reproducible results in the estimation of B-hydroxy- 
butyric acid. This has led to the avoidance of distillation and the adoption of a 
refluxing or pressure-bottle technique (Greenberg & Lester, 1944; Thin & 
Robertson, 1952; Michaels, Margen, Liebert & Kinsell, 1951). Without dis- 
tillation it is not possible to separate the acetone derived from the individual 
acetone bodies. Using the present apparatus, which combines refluxing and 
distillation, acetone can be distilled quantitatively. Separation of the two 
fractions, acetone plus acetoacetic acid and B-hydroxybutyric acid, is thereby 
achieved, enabling the estimation of each fraction to be carried out on the 
same sample of blood or urine. When under reflux, the acid dichromate 
reagent used for the oxidation of f-hydroxybutyric acid is kept at 
constant concentration throughout the reaction, thus assuring reproducible 
results. 

With 0-1 ml. samples the method is sensitive to 0-03 mg/100 ml. blood and 
has a standard deviation of less than +0-2 mg/100 ml. at a ketonaemic level 
of 40 mg/100 ml. (expressed as acetone). 
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A method of recording the electrical activity of the isolated per- 
fused ureter under controlled conditions. By G. F. Murnacuan. 
Institute of Urology, University of London, 10 Henrietta Street, London, 
W.C, 2 


It has been suggested that electro-ureterography may help to evaluate 
ureteric physiology (Hanley, 1950). Wave forms obtained with catheter elec- 
trodes have been studied (Butcher & Sleator, 1955; Corey, Fite & Vest, 1956) 
and are similar to those obtained with intramural electrodes from dog ureter 
(Baker, 1952; Baker & Huffer, 1953) and from human ureter (Franksson & 
Petersen, 1953). 

The method demonstrated (Fig. 1) allows for the recording of changes in 
ureteric electropotential in normal and abnormal segments under controlled 
conditions of temperature, flow, pressure, pH and drug concentrations by 
either intraluminal or intramural electrodes. 

The segments are obtained at operation or from animals immediately after 


mews They are transported at 37° C in a thermos flask of Tyrode-Ringer 
solution. 
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Glass-flanged cannulae are tied into the ends of the ureter with fine wire 
and without stretch. The segment is immersed in oxygenated Tyrode-Ringer 
_ solution in a Perspex bath and perfused with Tyrode-Ringer solution. The 
temperature is maintained at 37° C by a thermostatic gas-heated copper bath. 
The outflow passes through a thin rubber tube enclosed in a stout glass chamber, 
and resistance to outflow is varied by fine adjustment of the chamber pressure 
using a sphygmomanometer. The inlet and outlet pressures are observed on the 
simple manometers, which are excluded during recordings so that the ureteric 
_ content is accurately controlled. 


Pre- 
amplifier 
Manometer 
Perfused 
ureter 
Copper 
bath 
j 
Thermostat 
Oxygen 
pee (Plan of flow recorder) 
Fig. 1. A method of recording the electrical activity of the isolated perfused ureter 
under controlled conditions. 


The ureteric contractions are mechanically recorded by their displacement 
of the meniscus in an optical manometer. Volume changes are thus registered 
- immediately before the contraction overcomes the elastic resistance to outflow. 

The manometer was designed by Mr D. M. Wallace, F.R.C.S., of the Insti- 
tute of Urology. The portion of the glass tube that contains fluid forms an 
optical lens and focuses a slit lamp on to photosensitive paper (Goetz, 1939). 

The electrical changes can thus be correlated with the contractions. The 
system is sufficiently sensitive to differentiate segmental components of the 
contraction when long lengths of ureter are used. This apparatus can be 
_ adapted as a flow recorder as shown. 

Intramural electrodes are made from fine steel beading needles, soldered 
_ on to copper bell-wire. The impulses are conducted along screened copper cable 
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into either a Cossor d.c. 1430 pre-amplifier or a modified Cossor Robertson 
a.c. electrocardiogram. The output is then fed into a double-beam Cossor 1049 
oscillograph. One beam records the electro-ureterogram and the other either a 
time signal or a drop recorder at the outflow. A common time signal can be 
registered by beam intensification. 

Observations by this method, when sufficient in number, may help to 
explain the behaviour of the normal and abnormal ureter in vivo, and this 
application is further demonstrated in a film. 
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Functional characteristics of the nervous system in the giant African 
snail, Archachatina (Calachatina) marginata (Swainson). By 
R. H. Nisspet. Division of Biology, Royal Veterinary College, London, 
N.W.1 


Three important characteristics of the nervous system in this animal are the 
following: 

(1) Extreme variability in the lengths of the nerves, this being correlated 
with the plasticity of the body, i.e. the nerves are contractile and in the 
extended animal may be twice the lengths assumed on contraction. Associated 
with this condition is the presence of smooth muscle fibres in the perineurium 
and the coiling or folding of nerve fibres in contracted nerves. Schlote (1955) 
also shows this in the nervus intestinalis of Helix pomatia. 

(2) In the ganglia there is a wide range of neurone diameters, Ries about 
10 to 4004. Corresponding fibre diameters in peripheral nerves range from 
less than 1 to about 40. At their origins from the giant neurones the axons 
are i tly ridged structures. These appear to be synaptic ridges, the 
somata of medium-sized (40-60) neurones being closely associated with them. 

(3) Spontaneous activity in the peripheral nerves, the action potentials 
occurring in groups which show a constant form for a given nerve and a low 
rate of repetition (e.g. 17-35 per minute) in the quiescent preparation. 

On peripheral stimulation and after a variable delay, a burst of activity 
occurs in the nerve, but action potentials, although increasing their frequency 
ten- or twentyfold, retain their original characteristic compound forms. 
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The following problems are under examination in the pallial nerves and 
visceral ganglia. 

(a) The relationship which may exist between the compound action 
potentials and the histological association of each giant axon with the cell 
bodies of smaller neurones. 

(6) Conduction velocities in the larger fibres. These are difficult to measure 
with accuracy as it is not known at what length of nerve, in a snail of given 
shell length, the fibres become straight. | 

Determinations of conduction velocities are, therefore, being made with 
nerves stretched to less than their estimated physiological limits, followed 
by recordings with increasing stretch imposed upon the nerves until conduc- 
tion shows signs of breaking down. 

Conduction velocities so far obtained vary from 53 to 300 cm/sec. The higher 
values, obtained in stretched preparations, are likely to be correct. 


(c) Responses to mechanical stimulation of the collar and delay in the ~ 


parietal ganglion. 

Mechanical stimulation of the collar is followed by bursts of large spikes 
in the pallial nerves and by a retraction of the collar. The delay following 
stimulation is very variable and has ranged from 25 msec to more than 1 sec, 
according to the position, type and strength of the stimulus. 


This work has been undertaken with the aid of grants from the Central Research Fund Com- 
mittee of the University of London, and from the Royal Society of London Grants in Aid 
Committee. 


Schlote, F. W. (1955). Z. vergl. Physiol. 37, 373-415. 


Microchemical tests for the identification of some sympatho- 
mimetic drugs. By Marcaret Witiiams. Department of Physiology, 
Royal Veterinary College, London, N.W. 1 


The group of nitrogenous substances to which the term sympathomimetic 
is applied comprises both naturally occurring and synthetic compounds. 
Chemically they show great variation in structure. Thus the nitrogen atom 
may be primary, secondary or tertiary, and while some, like adrenaline, possess 
one or more phenolic groups, others are not phenolic at all; a few in fact are 
not aromatic compounds. 

Little work has been published on the identification of these compounds, 
although some of them have been investigated by Haley (1947, 1948), Keenan 
(1949), and Lucas (1950). This is a matter of some importance owing to the 
ease with which they might be confused with certain plant alkaloids. 

It is possible to make a preliminary classification into mono-phenolic, 
-di-phenolic and non-phenolic compounds by applying the micro diazo test as 
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described by Clarke (1956). Thus p-amino-phenol, when diazotized and coupled 
with the drug, gives a red colour with the di-phenols only, while o-tolidine 
gives a reddish colour with the di-phenols and an orange colour with the 
mono-phenols. 

These compounds can be further identified, using microgram quantities, 
by crystal and colour tests as described by Clarke & Williams (1955). Thus 
for example, N-methylamphetamine gives serrated plates with platinum 
iodide, S-methyl-isothiourea gives long plates with potassium bismuth 
iodide and adrenaline gives burr-like crystals with gold bromide. With the 
colour tests «-naphthyl-2-methylimidazoline gives a green colour with the 
formaldehyde-sulphuric acid reagent, hydroxyphenylethylamine gives a 
blue colour with the ammonium molybdate-sulphuric acid reagent and 
3:4-methylene dioxy-f-phenyl-isopropylamine gives a green colour with 
ammonium vanadate and sulphuric acid. 
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Methods of recording gastric contraction and other events 
associated with rumination. By F. R. Beit and A. M. Lawn. 


Department of Physiology, Royal Veterinary College, London, N.W.1 


Variations in the electroencephalogram of goats associated with 


rumination. By F. R. Bez. Department of Physiology, Royal 
Veterinary College, London, N.W.1 


The routine analysis of small quantities of urine (0-2 ml.) by 
class and ‘field’ methods. By P. Carne, D. G. Harvey and 


J. 8. Witxrnson. Department of Pathology, Royal Veteri College, 
London, N.W.1 


Animal calorimetry. By E. G. C. CLarxe and A. E. Hawxrns 


An electrical indicator for a mercury U-tube manometer. By 
A. E, Hawxrns 
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Oesophageal activity produced by electrical stimulation of the 


medulla oblongata. By A. M. Lawn. Department of Physiology, 
Royal Veterinary College, London, N.W.1 


The distribution of nerve fibres within the oesophagus studied by 
the vital methylene blue method. By A. M. Lawn. Department 
of Physiology, Royal Veterinary College, London, N.W. 1 


The structure of vibrissae in relation to their function. By 


M. G. Scorr. Division of Histology, Royal Veterinary College, London, 
N.W.1 


Fertilization and early development of cat eggs. By J. Austin, 
A. Bureessand R. F.8. Creep. Division of Histology, 
College, London, N.W.1 


The blood supply of the pituitary of the sheep; with observations 
on necrosis of the anterior lobe after stalk section. By 
P. M. Danret and Marsorre M. L. Pricnarp. Institute of Psychiatry, 
Maudsley Hospital, London, and the Nuffield Institute for Medical 
Research, University of Oxford 


A study has been made of the vascular supply of the sheep’s pituitary by 
various means including injection methods. It has been shown that the anterior 
lobe (pars distalis) is supplied solely by hypophysial portal vessels and that as 
in man (Xuereb, Prichard & Daniel, 1954) and the rat (Daniel & Prichard, 
1956) there is no direct arterial supply to the epithelial cells of this lobe. 

The pituitary stalk was cut in five sheep, under sodium pentobarbitone 
anaesthesia and with full aseptic precautions. The animals were allowed to 
survive for from 24 to 48 hr. The pituitaries were removed and serial sections 
were made. It was found that the anterior lobe was almost wholly infarcted, 
with the exception of a narrow peripheral rim of tissue and a band of tissue 


E adjacent to the lower infundibular stem. The extent of the infarction was 


greater than that found in the rat (Daniel & Prichard, 1956). 

Preparations are shown to illustrate the vascular anatomy of the pituitary 
and also the extent of the necrosis of the anterior lobe produced by stalk 
section. 


Daniel, P. M. & Prichard, M. M. L. (1956). Quart. J. exp. Physiol. 41, 215-229. 
Xuereb, G. P., Prichard, M. M. L. & Daniel, P. M. (1954). Quart. J. exp. Physiol. 39, 219-230. 
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The dynamics of the renal pelvis and ureter. (Fum.) By G. F. 
MuRNAGHAN 


The artificial insemination of the domestic cat. (Fmm.) By E. C. 
Amoroso and A. GorrIn 


Breeding habits of an amphibian (Gastrotheca marsupiatum). 
(Firm.) By E. C. Amoroso, J. Austin, A. Gorrin and E. Lancrorp 


Experiments on the social behaviour of wild rats. (Fitm.) By 
8. A. BARNETT 


Elective cardiac arrest: lactic acid production in the arrested heart. 
By H. H. Benratt and D. G. Metrose. Department of Surgery, 
Postgraduate Medical School of London 

Cardiac arrest induced by potassium citrate, and the restoration of normal 

heart beat by simple perfusion, have been previously demonstrated to this 

society (Baker & Dreyer, 1956). Previous experiments left unanswered the 
degree of asphyxia to be expected following cessation of coronary circulation 
during induced arrest. To investigate this problem we have studied in the 


isolated perfused heart the production of lactic acid after varying periods of 


arrest. 

Coronary perfusions of hearts from ten rabbits were made by the technique 
previously described (Baker, 1951). Cannulation of the pulmonary artery 
provided a method of sampling the perfusate after it had passed through the 
coronary circulation, and this preparation moreover enabled a continuous 
measurement of the pH of the perfusate to be made. Determinations were made 
of the lactic acid content of the first millilitre of effluent from the heart after 
2, 4, 6, 10, 12, 15, 18, 20, 25 and 30 min of arrest with potassium citrate. 
Similar determinations were made on hearts with cessation of coronary flow 
but without previous arrest with potassium citrate. The volume of the cannula 
in the pulmonary artery was always determined and this volume was discarded 
in each case before the sample was taken. The lactic acid was estimated by the 
method of Barker & Summerson (1941) and an error of +5°% allowed in 
these conditions. In each instance the concentration of lactic acid in the effluent 
was determined before each interruption of the coronary flow, and the results 
are accordingly expressed on the increase in lactic acid concentration over this 
control value. Measurement of pH was made with a continuous flow micro- 
electrode meter (Electronic Instruments Ltd.), and recorded by a pen recorder. 
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The lactic acid concentration in the effluent perfusate rose after interruption 

of perfusion, the concentration increasing progressively as the period of 
interruption was prolonged. 

In those hearts arrested by potassium citrate the increase in lactie acid 
concentration was between 0-5 mg/100 ml. at 2 min and 23 mg/100 ml. at 
30 min. Intermediate values were, for example, 2 mg/100 ml. at 6 min, 
4-5 mg/100 ml. at 10 min and 16 mg/100 ml. at 20 min. 

When interruption of the coronary flow was not preceded by induced arrest 

_ of the heart the increase in lactic acid concentration was between 3 mg/100 ml. 
at 2 min and 14-8 mg/100 ml. at 10 min. No value for periods in excess of 
10 min is as yet available. 

_ Adifference is demonstrated between those hearts arrested with potassium 
citrate and those not so treated. For example, interruption of perfusion for 
10 min induced an increase in the lactic concentration of 4:5 mg/100 ml. in the 
former, and of 14-8 mg/100 ml. in the latter. 
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Cultivation of embryonic chick bones on chemically defined media. 
By J. D. Bracers and C. 8. Sapsrorp 


Effects of very slow sine waves on frogs’ sciatic nerve (with and 
without sheaths). By J. T. Gunner and H. F. Rosrnsere 


: Behaviour changes in wild rats following rhinencephalic damage. 
(Fum.) By J. W. Woops 


: Living bovine cases of congenital porphyria. By E. ©. Amoroso, 
R. M. Loosemors, ©. L. and Barsara Toots 


: Arterial prostheses in experimental and clinical surgery. By 
J. B. K. Owen, G. and G. W. Tayior 


Simple devices for the restraint of rabbits, rats, mice and guinea- 
pigs. By K. A. Pearce 


: Observations on a high nitrate sea water. By H. G. Vevers. 


The Zoological Society of London, Regent’s Park, N.W.1 : 
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Electric eel pulses. By H. G. Vevers. The Zoological Society of London, 
Regent’s Park, N.W.1 


Porphyrins in marine and other animals. By H. G. Vevens. 
The Zoological Society of London, Regent’s Park, N.W.1 


The change in lung volume of human subjects produced by 
expiratory resistance compared with their compliance when 
paralysed. By E. J. M. Campser, J. B. L. Howet and B. W. 
Pecxett. Departments of Medicine, Physiology and Anaesthetics, The 
Middlesex Hospital, London, W. 1 


The following experiments were designed to test the hypothesis that expira- 
tion is passive and to examine the significance of compliance as measured in 
anaesthetized, paralysed subjects. 

Six subjects were studied under anaesthesia before surgical operation. 
After the usual premedication, anaesthesia was induced with sodium thio- 
pentone and complete muscular paralysis with succinylcholine. A cuffed 
endotracheal tube was inserted. The compliance of the thorax was measured 
using cyclical positive pressure inflation (Howell & Peckett, 1956). The mean 
value was 59 ml./om H,O and range 41-76. After spontaneous breathing 
returned, the subject breathed 100% oxygen from a closed circuit spirometer, 
with a variable threshold resistance in the expiratory limb. Resistances 
of 5, 10, 15 and 20 cm H,O were applied for approximately 1 min each, and 
the displacement of the respiratory level was measured. The change in lung 
volume and the threshold resistance pressure were plotted against each other. 
In five of the subjects this pressure volume diagram was the same as that 
obtained by inflation when they were paralysed. 

In three of these five subjects the oesophageal pressure was also recorded. 
During the breathing against resistance the pressure during expiration did not 
exceed the relaxation pressure of the thoracic cage, indicating therefore that 
there was no significant contraction of expiratory muscles. In the sixth subject 
there was evidence of a constant expiratory effort independent of the degree 
of obstruction. 

These experiments show that in anaesthetized, spontaneously breathing 
subj ects the usual reaction to expiratory obstruction, even of severe degree, 
is to inflate the lungs and thorax so that the obstruction is overcome by 
increased passive recoil. Active expiration is rare. The degree of inflation 
is governed by the compliance of the thorax as measured in the anaesthetized 
and paralysed state. 

REFERENCE 
Howell, 7 B. L. & Peckett, B. W. (1956). J. Physiol. 183, 22 P. 
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_ Distensibility of the capacity vessels of the human calf. By 
D. R. Coxss,* B. 8. L. Kipp and W. Morratr. Department of Physiology, 
The Queen’s University of Belfast 
The increases in volume of the human calf were measured while the leg was 
exposed to subatmospheric pressures which bring about increases in the 
- transmural pressure of the blood vessels of the same order as those normally 
- encountered during changes in posture. There was evidence that these volume 
_ changes were predominantly due to movement of blood. 
_ It was found that the volume of extra blood which could be accommodated 
_ in the calf at any level of subatmospheric pressure was fairly constant for 
each subject and varied little between the subjects tested. The pressure- 
volume curve was scarcely altered by local heating of the calf, or by general 
heating of the subject to release sympathetic vasomotor tone. During local 
_ cooling the distensibility was reduced. 

In some experiments, during the second minute of a 3 min period of suction, 
rhythmic, almost isometric contractions of the calf muscles at a rate of 
_ 30/min were made by pressing the fore part of the foot against resistances of 
11, 22 and 35 kg. This exercise made no difference to the amount of extra blood 
which could be held in the calf during the following (third) minute. During 
the exercise the volume of extra blood was reduced, owing to the action of the 
muscle pump. This reduction in volume was independent of the size of the 
increase in transmural pressure once a certain level of exercise had been 
attained. 

3 It was concluded that local and general heating, and muscular exercise, 
_ which cause a large increase in blood flow through the calf, have little or no 
effect on the distensibility of the capacity vessels of the calf. Local cooling 
_ reduces the distensibility. 

* Medical Research Council Fellow in Clinical Research. 


_ A physiological explanation of equine tropical anhidrosis. By 
C. Lovatt Evans, K. A. Ross, D. F. G. Smrrx-and H. 
Chemical Defence Experimental Establishment, Porton, The Straits Racing 
: Association, Malaya, and the Runwell Hospital, Wickford, Essex 

__ A proportion of imported thoroughbreds contract a ‘dry-coat’ condition shortly 
after exposure to hot moist climates. The anhidrosis comes on gradually, 
affecting body, thigh, croup and shoulder first, and neck, perinaeum and 
_ brisket last; even in bad cases it is not complete. Recovery occurs slowly on 
transference to a cooler, drier climate. 

The condition is preceded by prolonged profuse sweating. The adrenaline 
content of the plasma of race-horses in Malaya is higher than in England, and 
_ in resting dry-coat horses is at a level which would cause profuse sweating in 
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England; it is not significantly increased by exercise as it is in England. The 
adrenaline content of the adrenals, examined by Dr G. B. West, and the 
adrenaline-noradrenaline ratio, were not significantly changed. 

Dry-coat horses are less sensitive to adrenaline, either intravenously or 
intradermally, than free-sweaters or horses in England, and parts of the body 
are quite unaffected by it. The condition of partial dry-coat can be rendered 
almost complete by intravenous adrenaline injections. | 

It is concluded that the state is a consequence of prolonged stimulation of 
the sweat glands by adrenaline, the normal humoral stimulant to the glands 
(Evans & Smith, 1956; Evans, Smith & Weil-Malherbe, 1956), secreted as a 
response to the hot moist climate, and to which the glands in a proportion of 
animals become accommodated (Evans, Ross, Smith & Weil-Malherbe, 1957). 
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The situation of the skin lymphatics concerned with adrenaline 
sweat tracking in the horse. By C. Lovatrr Evans. Chemical 
Defence Experimental Establishment, Porton 


_ By intradermal injection of iron dextran (‘Imferon’, Benger), and develop- 
ment in acid ferrocyanide-formalin (Turner- Warwick, 1955), more permanent 
preparations may be made than by the use of T 1824 (Fig. 1). The lymphatics 
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Fig. 1. Inner surface of skin of neck, left and right, 3} hr after intradermal injection 
of 0-5 ml, of iron dextran at J. L, lymphatic vessel. 
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involved in the adrenaline sweat tracking (Evans & Smith, 1954, 1956) 
can then be recognized histologically, and are seen to be relatively large 


Fig. 2. Section of skin showing lymphatic vessel, from punch taken at P of Fig. 1. 
L, lymphatic vessel; B, blood vessel; S, sweat glands. 
vessels lying about 3 mm below the surface of the skin in the fixed preparation, 
at about the same depth as a plexus of small blood vessels, and about 1-2 mm 
beneath the sweat gland layer (Fig. 2). 
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Intestinal absorption of dipeptides. By H. Newry and D. H. Smyru. 
Department of Physiology, University of Sheffield 
Fisher (1954) has recently queried the traditional concept of the intestinal 
absorption of proteins as amino acids, and has suggested the possibility that 
proteins may be absorbed as larger aggregates, e.g. peptides. Little is known 
about absorption of peptides, apart from a brief report by Agar, Hird & 
Sidhu (1953) that small quantities of glycyl-glycine may pass through the 
intestinal wall in vitro. As a preliminary study of the form in which protein 
is absorbed we have investigated more fully the absorption of some 
dipeptides. 
Both in vitro and in vivo methods were used. The in vitro methods were 
those of Wiseman (1953) and Smyth & Taylor (1954), and the in vivo method 
that of Matthews & Smyth (1954). The dipeptides used were glycyl-leucine, 
glycyl-tyrosine and glycyl-glycine. These were estimated by determination of 
glycine by the method of Christensen, Riggs & Ray (1951) before and after acid 
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hydrolysis. The increase in glycine after hydrolysis was taken as a measure of 
the dipeptide present. Chromatograms were also run to confirm the results of 
the chemical estimations. The dipeptide was put into the lumen of the intestine 
in a concentration of 0-5-2-0 g/100 ml. At the end of the experimental period 
an examination was made of the intestinal contents, and also in the in vitro 
experiments of the fluid passing through the intestinal wall, and in the on vivo 
experiments of the venous blood from the intestinal segment containing the 
dipeptide. 

The results were quite definite in all experiments. Most of the dipeptide 
disappeared from the intestinal lumen and e of the constituent amino 
acids were found. None, or very little, of the@ipeptide appeared in the blood 
or the fluid carried through the intestinal wall, but a large amount of the con- 
stituent amino acids appeared. (In the experiments in vitro some peptidase 
activity was also found in the outer fluid.) The results show that even if 
dipeptides are present in high concentrations in the intestinal lumen, they 
appear only in small amounts (not more than 10% of the original dipeptide) 
on the other side of the intestinal barrier. Whether this is because the mucosa 
is not readily permeable to dipeptides or because the dipeptides are hydrolysed 
by intracellular peptidases cannot be decided by these experiments, but this 
distinction is immaterial to the problem whether peptides are the main form 
in which protein enters the blood stream. Our results thus fail to furnish 
evidence in favour of Fisher’s hypothesis, as far as these particular dipeptides 
are concerned. They do not exclude the possibility that other dipeptides or 
more complex peptides may be absorbed. The experimental demonstration 
of this possibility is in our opinion necessary before abandoning the classical 
theory of absorption of proteins as amino acids. 
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The fluorimetric estimation of adrenaline and noradrenaline in 
plasma. By H. Wem-Matnerse. Research Department, Runwell 
Hospital, Wickford, Essex 

Catechol compounds were extracted from 500-1000 ml. quantities of bovine or 

human plasma by passage through columns of alumina. The eluates were 

separated into basic and non-basic fractions by passage through a sulphonic 
acid resin, or by passage through a carboxylic resin, or by paper electrophoresis. 
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The purified basic fractions were finally studied by quantitative paper chroma- 
tography in two solvent systems. At every stage of the procedure samples 
were analysed by two different fluorimetric methods, that of Weil-Malherbe 
& Bone (1953) and that of von Euler & Floding (1955). 

The basic fraction quantitatively accounted for the catechol compounds 
present in the eluate from the alumina column. Acid catechols, neutral 
catechols and DOPA therefore do not occur in plasma. The estimates of 
adrenaline and noradrenaline obtained by direct fluorimetric assay agreed 
_ with the amounts of these compounds recovered from their expected positions 
_ on paper chromatograms. There was no evidence for the presence of hydroxy- 

tyramine. 

_ Ifadrenaline and noradrenaline are the only catechol compounds in plasma, 
the two fluorimetric methods should yield identical results. This was indeed 
found consistently at every stage of the procedures, including paper-chroma- 
tographic separation of fractions. Such agreement confirms earlier results 
(Weil-Malherbe, 1955) and is contrary to the claims of Valk & Price (1956). 

In spite of overwhelming chemical evidence that the estimated substances 
are adrenaline and noradrenaline, little biological activity was found in tests 
with rat’s uterus and colon (Gaddum, 1950) except in one experiment with 
ox blood. Interference was demonstrated in some cases, but not in others. 
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_ The effect of cooling on the response of the rabbit colon to nerve 
and to drug stimulation. By J. 8. Gmesriz and Mary 
Institute of Physiology, University of Glasgow 

_ The preparation in vitro of the rabbit colon with stimulation of the extrinsic 
nerve supply by fluid electrodes has been described (Garry & Gillespie, 1955). 
When such a preparation is cooled the motor response to electrical stimulation 
of the pelvic nerve ceases when the temperature falls below a certain point. 
This critical temperature varies with the individual preparation but usually 
lies between 12° and 15° C. Rewarming the preparation restores the motor 
_ response. The site of this cold block was investigated by comparing the 
_ response to two drugs, nicotine and acetylcholine, with the response to pelvic 
nerve stimulation. Pelvic nerve stimulation is preganglionic, nicotine is 
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thought to stimulate the post-ganglionic neurones of Auerbach’s plexus 
directly, while acetylcholine stimulates the effector muscle. Progressive 
cooling abolished first the response to stimulation of the pelvic nerve, then the 
response to stimulation of the post-ganglionic neurone by nicotine, and finally, 
at much lower temperatures, the response of the smooth muscle cells to direct 
stimulation with acetylcholine. A curious feature of the response to nicotine 
at low temperatures was a prolonged latent period for which we found no 
convincing explanation. At temperatures in the region of 15° C an interval of 
6 min often elapsed between addition of the nicotine and contraction of the 


in temperature than the post-ganglionic neurone which in turn is more sensitive 
than the effector structure. This is in agréement with the previous findings in 
other parts of the autonomic nervous system (Eve, 1900; Ambache, 1946). 
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The location of renin in the rabbit kidney. By W. Coox, D. B. Gorpon 
and W. 8. Peart. Medical Unit, St Mary’s Hospital, London, W. 2 


Most statements on the distribution of renin in the kidney have been based on 
inferences drawn from changes in the histological picture of the kidney under 
conditions in which renin production was supposed to be increased (Goor- 
maghtigh, 1947; Yoshimura & Shindo, 1955). Taquini, Fasciolo & Luna (1950) 
assayed the renin content of the dog’s kidney by an indirect method and 
claimed that renin was almost entirely present in the subcapsular region, 
where there were no glomeruli. Friedman & Kaplan (1943) claimed that renin 
disappeared from the kidney when the proximal convoluted tubules were 
damaged by sodium tartrate and inferred that renin was contained in these 
tubules. It was therefore decided to make a direct assay of the renin in different 
regions of the kidney. By means of successive tangential 15 or 20u frozen 
sections the cortex of fresh healthy rabbit kidney was divided into zones. The 
outer subcapsular zone (A) contained no glomeruli, and subsequent zones for 
comparison were made by amalgamating successive equal numbers of sections 
(about 20 in each zone). A section at the junction of each zone was fixed and 
stained. The zones were assayed for renin content by comparing the pressor 
effects of saline extracts with a standard renin preparation on the blood 
pressure of the anaesthetized rat (cf. Peart, 1955). The final tissue concentra- 
tion in the injection solutions was made to 10 mg/ml. in each case. The total 
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renin content of kidneys from different rabbits varied considerably, but in 
each case the distribution was similar. 

Most of the renin is located in the outer cortex, but the subcapsular region 
contains no renin. This region consists of proximal and distal convoluted 
tubules and usually contains no glomeruli. In the next zones (B and C) the 
high renin content appeared to parallel the glomerular count in the stained 
interzonal sections, but divergence occurred in the inner zones (D, E and F) 
_ where the glomerular count remained high as the renin content diminished to 
zero. By assaying or staining alternate individual frozen sections from the 
_ capsule inwards it was further shown that renin only appeared when glomeruli 
began to appear in the sections, but in view of the apparent divergence between 
..Tenin-content and glomerular count in the deeper cortex, experiments to 
- localize the renin exactly in separated renal elements were started. Initial 
experiments confirm the above findings that there is no renin associated with 
tubular material. 
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The volume of the pituitary gland and median eminence in stalk- 


sectioned rabbits. By H. J. Campseii and G. W. Harris. Department 


of Neuroendocrinology, Institute of Psychiatry, Maudsley Hospital, London, 

S.E.5 
Several workers have reported changes in volume of the pituitary gland 
following stalk section, but few quantitative studies have been made. The 
present investigation provided measurements of the volume of the pituitary 
gland and its different lobes following simple stalk-section (12 animals; 
group SS) and stalk section with the placement of a waxed paper plate 
between the cut ends of the stalk (28 animals; group SS+P) in the adult 
female chinchilla rabbit. Twenty-one unoperated animals served as controls. 
Forty-eight to 160 days after operation the animals were killed and the hypo- 
thalamus and pituitary region subjected to uniform histological procedures. The 
_ volumes of the pituitary and its lobes were determined by the paper weighing 
method, factorially converted into absolute volumes, and the inter-group 
values statistically compared. The results are summarized in Table 1. In 
the experimental groups all parts of the pituitary except the pars intermedia 
_ were significantly different from normal. Comparison of the parts of the pitui- 
_ tary in the two experimental groups showed that only the median eminence 
was significantly different. 
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Pars Pars Neural Median 
Whole gland _ distalis intermedia lobe eminence 
Normal 100-0443 100045-6 100-0469  1000+4-6 100-04 6-2 
Simple stalk section 624429 675439 100-8481 26-6 4 2-1 150-8 + 13-8 
section with 73-8442 82-94 5-4 110-847-3 25-7 + 1-6 206-24 10-8 


It is concluded that: (1) any loss of anterior pituitary function that follows 
stalk section with the insertion of a plate between the cut ends of the stalk 
cannot be explained by the ischaemic atrophy of the pars distalis suggested 
by Barrnett & Greep (1951); (2) the pars intermedia does not hypertrophy 
after stalk section as has been claimed by previous workers. It is possible 
that the hypertrophy of the median eminence after stalk section may be 
explained by the accumulation of substances which normally pass down the 
stalk to the gland (Scharrer & Scharrer, 1954; Harris, 1955). 
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Localization of the thermal stimulus to polypnoea. By J. Buicn. 
The Hannah Dairy Research Institute, Kirkhill, Ayr 


It has been shown that thermal polypnoea can be initiated by a purely peri- 
pheral stimulus in the bovine animal (Bligh, 1956). Following the suggestion 
made by Beakley & Findlay (1954) that there may be temperature receptors 
in the respiratory tract of the calf, and the demonstration by Nisbet (1955) 
of many sensory nerve endings in the bovine muzzle, experiments have been 
made to find if the onset of polypnoea depends specifically upon the thermal 
stimulation of nerve-endings in the naso-buccal area. 

A mask with an independent air supply was fitted over the nose and mouth 
of a 4~6-months old calf. When the air temperature in the mask was raised 
from 20° to 40° C, while the room air temperature remained at 20°C, only a 
slight increase in respiration rate occurred. When room air temperature was 
raised to 40° C while mask temperature remained at 20° ©, the respiratory 
response was about three times as great. This response, however, was not 
so great as when both room air and mask air temperatures were raised simu!- 
taneously, or when there was no mask on the animal and room air temperature 
was raised. 

It is probable that, as a stimulus to thermal polypnoea, warming of the 
naso-buccal area is no more effective than warming an equivalent area of skin. 
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Factors affecting the motility of toad spermatozoa, and their 
application in a rapid test for pregnancy. By J. F. D. Frazer 
and T. W. GLENISTER. Departments of Physiology and Anatomy, Charing 
Cross Hospital Medical School, London, W.C. 2 


Since the original work of Galli Mainini (1947) on the giant toad Bufo arenarum, 
it has been established that a very large number of species of toad may be used 
_ for pregnancy tests. The response to the injection of pregnancy urine consists 
in liberation of spermatozoa from the toad’s own testis and the appearance of 
spermatozoa in the cloacal urine. This response may take as long as three 
_ hours. Attempts have been made to shorten this by the use of hyaluronidase 
(Allison, 1954) or of a preliminary subthreshold priming dose of gonadotrophin, 
which is the activating principle (Frazer, 1957). 

It seemed possible that the use of slices of toad testis in vitro might show a 
quicker response when pregnancy urine was applied, but attempts to elaborate 
such a technique showed that it was impossible to cut slices of testis without 
_ liberating sperms, while the use of a freezing microtome damaged the tissue. 
In the course of these attempts it was, however, noticed that the activity of 
_ the free sperms was markedly increased in the presence of gonadotrophin or 
of urine from pregnant women. It was therefore decided to examine the 

response of the sperms of the common toad Bufo bufo to various substances. 

_ Whereas in 0-6% saline (which is isotonic with amphibian tissue fluid) 
the sperms have a gentle swaying activity, usually without forward progres- 
- sion, tap water, distilled water and other distinctly hypotonic solutions 
(e.g. 0°3% saline) all increase the activity of the spermatozoa, which vibrate 
_ and wriggle violently. Hypertonic solutions have a depressing effect on 
motility, as has a pH higher than 6-5 or 7. 
_  Oe0estrogen, progesterone, testosterone, pituitary hormones other than 
gonadotrophins, thyroid hormone, adrenaline, fructose, ascorbic acid, acetyl- 
- choline and Russell viper venom in isotonic saline do not increase the motility 
of the sperms. Isotonic solutions containing gonadotrophin or urine of 
pregnancy activate the sperms so that they wriggle and vibrate actively, and 
a large proportion do actually swim with a characteristic weaving action. 
_ For pregnancy tests, the specific gravity of the urine is determined and 
1 in 5 and 1 in 10 dilutions made with distilled water and saline so that the 
solution is approximately isotonic with 0-6% saline. The pH of the urine is 
checked, and corrected if necessary to pH 5-6. A small piece of toad testis is 
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placed in two drops of the diluted urine and examined immediately under the 
microscope for the presence or absence of motility among the freed sperms. 
Preliminary tests have shown a degree of accuracy comparable with those 
obtained with other accepted pregnancy tests. 
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The relationship between urinary excretion of ovarian hormones 
and cornification of the vaginal epithelium during the normal 
menstrual cycle. By Ruta Dearine, B. V. Putrarasurs, W. Taytor 
and 8. Way. Department of Physiology, Medical School, King’s College, 
Newcastle upon Tyne, and Queen Elizabeth Hospital, Gateshead 

The assessment of ovarian function in human subjects by means of the 

vaginal smear is an accepted practice. Interpretation of such smears depends 

largely on the finding that administration of oestrogens to post-menopausal 
women with atrophic smears induces cornification of the vaginal epithelium, 
and that cornification is inhibited when progesterone is administered con- 
currently with oestrogen. Attempts to demonstrate a relationship between 
the degree of cornification of the vaginal epithelium and endogenous ovarian 
hormones have, until now, been limited by the unsatisfactory methods 
available for assessing ovarian hormone secretion. Recently, however, 
reliable methods have been developed for the determination in non-pregnancy 

urine of ‘oestrogens’ (oestradiol-178, oestrone and oestriol) (Brown, 1955) 

and of pregnanediol (the principal metabolite of progesterone in human urine) 

(Klopper, Michie & Brown, 1955). The excretion of these steroids by two 

normal women has been investigated. One subject (age 37) has been studied 

for two consecutive menstrual cycles and for part of a luteal phase, and the 
other (age 25) for one cycle. Throughout the period of urine collection vaginal 
smears were prepared once daily from the fluid aspirated from the posterior 
fornix of the vagina. The smears were stained and cornified cells counted by 

the methods described by the Vincent Memorial Hospital Staff (1950). 

The correlation between the degree of cornification of the vaginal epithelium 
and the amounts of ‘oestrogens’ excreted during the menstrual cycle has been 
calculated. It has been found that during the follicular phase the degree of 
correlation varies between subjects, between different cycles in the same 
subject, and according to whether daily ‘oestrogen’ excretion was compared 
with the vaginal smear taken on the same day, or one or two days after. When 
the results for both subjects were added together the most highly significant 
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correlation was between ‘oestrogen’ excretion and the degree of cornification 
of the vaginal smear obtained two days later. In contrast, during the luteal 
phase no correlation was found to exist. This is attributed to the inhibitory 
effect on vaginal cornification of progesterone secreted during the luteal phase. 


This work was financed by a grant from the North of England Council of the British Empire 
Cancer Campaign. 
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Prediction of body temperature from heart rate. By W.S.S. LapE..* 
and E. 8. Warxrins.t Hot Climate Physiological Research Unit, Lagos, 
Nigeria 

When a man is fully clothed or engaged in a continuous task it may not be 
practical to measure body temperature, but a check can be kept on heart rate. 
It has been suggested that in such situations and when there is danger of 
heat stress heart rate should be used as an index of body temperature; as a 
statistical exercise and to demonstrate the limitations of this, heart rate/rectal 
temperature correlations have been calculated for a group of twelve West 
Africans (a) resting, (b) immediately after work (over-all cost, rest + recovery : 
_ 115 keal/m*/hr), and (c) after 12 min recovery, with exposure to three different 
climates, ‘cool’ (83° F p.s., 73° F w.z.), ‘warm wet’ (93° F p.s., 91° F w.B.) and 
‘hot dry’ (108° F p.s., 91° F w.s.) in both ‘still’ and rapidly moving air. Heart 
rates were measured with the subjects standing, and the subjects were kept 
at their initial low level of inherent acclimatization (Ladell, 1950). Correla- 
tion coefficients (heart rate/rectal temperature) of 0-82 (849 pairs of obs.) 
0-77 (706 pairs) and 0-80 (704 pairs) were obtained for (a), (b) and (c). There 
was no significant difference between the regressions for (a) and (c), and the 
correlation coefficient for the 1553 pairs taken together was 0-83. The regres- 
sion equations of rectal temperature on pulse rate were, for (a) and (c) together, 
| T =0-055P + 94-323, 

and for (6), T =0-042P + 94-933, 


where 7'=rectal temperature and P=heart rate in beats/min. In spite of 

the high correlation coefficients the standard errors of estimate of temperature 

from heart rate were 0-74° and 0-80° F respectively. Therefore, in this group 
of men, body temperatures could be predicted from heart rate to within + 0-5° F 

* Present address: Chemical Defence Experimental Establishment, Porton, near Salisbury, 

Wilts, 

+ Present address: General Hospital, Weston-super-Mare. 
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in less than 50% of cases. If heart rate is to be used as an indicator of possible 
heat stress, it follows that, for safety, the maximum permitted heart rate must 
be one that gives a predicted temperature considerably below the permitted 
maximum; e.g. for resting men comparable with this group, if the ceiling 
rectal temperature is to be 101-5° F, the maximum permitted heart rate should 
be only 117 beats/min, which gives a predicted temperature one 8.D. lower than 
the ceiling; even so, 16% of those stopped at this point may have already 
exceeded the permitted maximum, on the other hand 50% will have been 
stopped prematurely and could safely have been allowed to continue; hence, if 
it is accepted that a raised body temperature is itself the hazard to be avoided, 
and not, for example, the cardiovascular effect of the raised temperatures, 
attempts to monitor heat stress by heart rate are both dangerous and 
uneconomic. 
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Heart rates of indigenous West Africans. By W. 8. S. LapELL,* 
Hot Climate Physiological Research Unit, Lagos, Nigeria 


Heart rates of indigenous West Africans observed in this laboratory were 
lower than those of Europeans in comparable tests. After 10 min tilted 70° 
head up the mean heart rate of fifty Africans was 81 beats/min and of 50 
acclimatized Europeans, matched forage, 93 beats/min (Kenney, R. A.,.personal 
communication). After atropine the mean heart rate of Africans in the heat 
immediately after exercise was 137 beats/min (Miles, 8., personal communica- 
tion), in a comparable test on Europeans the figure was 161 (Cullumbine & Miles, 
1956). In the Harvard Pack Test, Africans had high scores (Ladell & Kenney, 
1955), often inconsistent with their exhausted condition on completion of the 
test. 

To test a hypothesis that the heart rate was limited by a suspected sub- 
clinical thiamine deficiency, twelve Africans performed the Pack test daily 
for two weeks; in the second week they were given 10 mg thiamine daily 
1.M. If there had been the conjectured limit, higher heart rates, and hence 
lower scores, would have been found after thiamine, but the only difference 
was an increase in number of steps taken. 

This increase was statistically significant; from variance analysis the ‘F’ 
ratio, periods/error, was 22-5. The significant differences (P<0-01) were 
between either of periods I and II and either of periods III and IV. 
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Tase 1. Effect of thiamine on performance: mean values for twelve subjects in successive 3-day 
periods, I-II without thiamine, [II-IV with thiamine 


Period 
II lll IV 
No thiamine Thiamine 
Weight, kg 55-9 55-7 56-1 56-0 
Resting heart rate, beats/min 
Lyi 72. 70 68 69 
Standi 87 86 82 83 
B.P., mm 116/71 112/67 110/67 111/68 
No. of steps taken in 5 min 137-6 139-1 145-1 148-5 
Score 83-7 84-7 87-9 89-4 
Heart rate, beats/min 166 171 168 167 
(Immediately after exercise 
Recovery in 4 min, beats/min 65 70 68 67 


Further examination of heart rate/rectal temperature correlations (Ladell 
& Watkins, 1957) gave no indication of a ceiling heart rate being reached. By 
comparison with Europeans (Ladell, 1955) these men had higher heart rates at 
lower temperatures, but the rate of increase with rising temperature was 
3 beats/min/° F less, either working or resting, so that at high rectal tempera- 
tures heart rates were slower. 
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_ Nervous activity in pulmonary efferent (bronchoconstrictor ?) 
fibres. By J. G. Wippicomsr. Department of Physiology, St Bartholo- 
mew’s Hospital Medical College, London, E.C. 1 


_ In cats anaesthetized with pentobarbitone sodium, action potentials have been 
recorded in nerve fibres running in vagal branches to the right lower lobe of the 
lung. The destination of these fibres is not known, but their activity is most 
_ consistent with a bronchoconstrictor function. 

When the lungs were ventilated by positive pressure inflations with a pump, 
the majority of fibres discharged at regular rates of 5-15 per sec. Light touch 
to the laryngeal or tracheal mucous membrane caused a volley of impulses for 
a fraction of a second at rates of about 50 per sec, followed by an increased rate 
of discharge for 5-30 sec, slowly returning to control values. This reflex was 
- seen when the stimulus was too weak to excite the cough reflex, and was 
abolished by cutting the vagi and denervating the larynx. A similar response 
was obtained if the cat inhaled a small amount of ammonia or sulphur 
_ dioxide, but this was not entirely abolished by vagotomy. These effects may 

be due to the stimulation of cough receptors. 
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About half the fibres showed a partial inhibition on inflation of the lungs by 
positive pressure, although if the inflations were large and rapid (and therefore 
likely to excite cough receptors) a stimulation was seen. Increasing the 
functional residual capacity (by imposing an expiratory resistance) inhibited 
some of the fibres. If the nerve fibres are bronchoconstrictor, inflation of the 
lungs therefore produces an inhibition of bronchial tone. 


Activity in afferent nerve fibres from the cervical oesophagus. 
By B. L. AnprEw. Department of Physiology, Queen’s College, University 
of St Andrews, Dundee 

The presence of mechanoreceptors in the wall of the cervical oesophagus can 

be predicted from the known features of secondary peristalsis. In the rat, the 

afferent nerve fibres connected to these endings enter the superior laryngeal 
nerve; some of the details of their activity have been described (Andrew, 

19564, 6). Dissections of the superior laryngeal nerve in the rat anaesthetized 

with urethane revealed that several functionally different types of ending were 


O-4sec j 


Fig. 1. Afferent nerve impulses from the oesophagus in a filament dissected from the superior 
laryngeal nerve. Recording A shows the adapted resting discharge, one fibre discharged at 
about 1 impulse/sec the other at 5 impulses/sec, Recording B shows the discharge during 


an injection of 1 ml. of air into the lumen of the oesophagus, discharge frequencies 25, 125 
and 75 impulses/sec. 


present. All were connected to small myelinated fibres and very slender 
preparations had to be used to obtain an acceptable action potential size. The 
branches of the superior laryngeal nerve containing afferents from other 
regions, and the ipsilateral recurrent laryngeal nerve were cut. The most 
easily recognized type of afferent was connected to slowly adapting tension 
receptors in the wall of the oesophagus below the level of the upper sphincter. 
When the oesophagus was empty, a few of these discharged continuously at 
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low frequencies (1-15 impulses/sec). Inflation of the oesophagus with air or 
distension of an ending zone with a bolus increased the discharge. Contraction 
of the oesophageal muscle during a propulsive wave was also a potent stimulus. 
These endings thus have similarities to the slowly adapting ‘in series’ tension 
receptors of the stomach described by Iggo (1955) but a larger range of dis- 
charge frequency was observed (1-300 impulses/sec) for the oesophageal 
endings. Other types of ending were detected at the upper sphincter, these 
did not give a resting discharge and responded to mechanical distortion of the 
sphincter; thus a short volley was produced during the pharyngeal phase of 
a swallowing movement when laryngeal elevation occurred. Other endings 
responded to superficial stimulation of the mucosa in the sphincter region. 
Superficial stimulation was ineffective below the level of the sphincter. 
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An improved apparatus for perfusing the isolated cow’s udder. 
By J. 8. Tuvpat. National Institute for Research in Dairying, Shinfield, 
Reading 

The perfusion apparatus described by Peeters & Massart (1947), in which the 

right and left halves of the udder are perfused independently, has been 

modified, Artificial hearts and artificial lungs of a different design have been 

_ incorporated, which, together with the addition of either dibenamine or 

dibenzyline (10 mg/l.) to the perfusion blood (see Peeters & Massart, 1952) 

result in relatively high rates of blood flow, and also in greater control over 

oxygenation of the blood. Twenty-four perfusion experiments have been 

_ carried out with udders from lactating cows. In six of these perfusions, the 

rate of blood flow through a half-udder exceeded 20 ml./100 g/min, and in 

nine perfusions the actual rate of blood flow through a half-udder was greater 


than 1000 ml./min, in one case reaching 2000 ml./min. A solution of glucose 


- and acetate is added to the perfusion blood during experiments, and milk 
samples are obtained by administration of 5i.u. oxytocin (Parke Davis 
Pitocin) to the blood supply of each half-udder. Hourly milk samples have 
been obtained for up to 4 hr after the start of perfusion. The apparatus is 


- completely ‘enclosed in a Perspex cabinet, enabling the temperature and 


humidity of the air surrounding the udder to be kept at a desired level, and 
_ also making the apparatus safe when using “C-labelled compounds. An 
_ extraction fan in the roof of the cabinet draws in air over electrically heated 
- filaments, and expels the air through the roof of the building. — is 
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admitted to the cabinet to maintain humidity, All manipulations (except 
the withdrawal of gas-free venous blood samples) are carried out byyremote 
control. The necessary blood tubes are led outside the Perspex screen of the 
cabinet and then back inside again for this purpose, while the milk-delivery 
tubes from the cannulated teats pass through the Perspex screen once only, 
and are led into measuring cylinders outside the cabinet. 


I wish to thank Dr C. F. Donehower, of Smith, Kline and French Laboratories, for the gift of 
dibenamine and dibenzyline to Dr Folley, and Dr T. F. Macrae, of Glaxo, Ltd., for the gift of 


dextran sulphate. 
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Changes in blood pressure produced by local heating of the brain 
stem. By P. P. Newman and J. H. Worstenororr. Department of 
Physiology, School of Medicine, University of Leeds 


It has been shown (Newman & Wolstencroft, 1956) that in cats under sodium 
pentobarbital anaesthesia a fall in arterial blood pressure of 40-70 mm Hg 
could be produced by heating the carotid blood. This occurred when the 
temperature recorded from the brain reached a critical level, usually between 
41° and 42-5° C. 

The site of action of the heated blood has been investigated. The response 
was obtained in decerebrate cats, with the hypothalamus removed, but not in 
spinal cats. 

In a further series of experiments the controlled output of a high-frequency 
oscillator was used to provide localized heating of the brain stem, the tempera- 
ture being recorded by a thermocouple. With the heating electrode in the 
medulla a fall in blood pressure of about 40-60 mm Hg could be obtained 
when the temperature was raised to between 40° and 42°C. When heating 
was discontinued, the blood pressure returned to its original level. No effect 
was observed when the heating electrode was in the pons or in the cervical 


cord below the medulla. 
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The ultrastructure of the myelin sheath near nodes of Ranvier. 

By J. D, Ropertson. Department of Anatomy, University College London 
Longitudinal sections of the myelin sheath near nodes of Ranvier in myelinated 
nerve fibres of frog muscle spindles reveal a series of inner surface-connecting- 


membranes (SCM’s), spaced about 0-1, apart, running between the axon- 
Schwann membrane and the myelin sheath. Each of these is the reflected 
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innermost double lamella of the myelin sheath (Robertson, 1955). As the 
node is approached the SCM’s are more closely spaced and as each joins the 
_ axon-Schwann membrane the number of myelin lamellae is reduced. Very 
near the node the lamellae are placed almost perpendicular to the fibre axis 
and the SCM’s here may be responsible for the spinous bracelet of Nageotte 
(Gasser, 1952; Hess & Young, 1952). It appears that the inner origin of the 
SCM at the axon surface near the node inscribes a helix with very closely 
spaced turns, while the outer SCM origin is much more parallel to the fibre 
axis. If all structures were removed from the internode axon except the line 
of origin of the inner SCM, the resulting figure would look like a tapered 
cylinder with a screw-thread having turns closely spaced at both ends and 
much further apart in the middle; indeed, here the inner SCM origin might be 
parallel to the fibre axis. 

Transverse serial sections of adult unmyelinated fibres in which the SCM 
is partially wrapped .around the axon (see also Geren, 1954) show a circum- 
ferential displacement of the inner SCM origin on the axon in accordance with 
the above. If during development the inner SCM origin were to slip around the 
surface of the mid-internode at a higher rate than near the nodes while the 
outer origin remained relatively fixed the kind of geometrical configuration 
observed, would result. 

A defect in a longitudinal section of the myelin sheath running from the 
outside inwards going away from a node will be shown. This might represent 
a Schmidt-Lantermann incisure. Such defects are sometimes transversed by a 
few myelin lamellae. 
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Intrathoracic pressure and regurgitation in ruminants. By F. R. 
Bett. Department of Physiology, Royal Veterinary College, London, 
N.W.1 


Experimental super-fecundity in mice. By D. Micuiz and A. McLaren 


Tbe conduction velocity of motor fibres supplying the striated 
muscle of the oesophagus in the rabbit. By A. M. Lawn. 


Department of Physiology, Royal Veterinary College, London, N.W.1 


Stress relaxation in the human lung. By R. Marsnatt. Dunn 
Laboratories, St Bartholomew’s Hospital, London, E.C. 1 
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Observations on the amino acid metabolism of embryonic chick 
bones. By J. D. Biccers and M. Wess 


The valve of the foramen ovale in the new-born calf and foal. 
(Firm.) E. C. Amoroso, G. 8. Dawes and Joan C. Morr 


Antagonism of 5-hydroxytryptamine by dock leaf extracts. By 
R. T. Brirrarm and H. O. J. Cottier. Research Division, Allen and 
Hanburys Ltd., Ware, Herts 


Emmelin & Feldberg (1947) showed that nettle sting contains acetylcholine 
(ACh), histamine and a third substance, which Collier & Chesher (1956) identi- 
fied as 5-hydroxytryptamine (5-HT). The practice of rubbing dock leaves 
on to skin stung by nettles led us to seek antagonists of these substances in 
broad-leaved dock (Rumex obtusifolius). We ground leaves in sand with the 
appropriate saline and tested extracts containing 0-25 g fresh leaf/ml. saline 
on guinea-pig’s ileum, rat’s colon and oestrous rat’s uterus, prepared as 
described by Collier & Chesher. 

Dock extract caused contraction of guinea-pig’s ileum, followed by re- 
laxation and then small rhythmic movements. 0-5 ml. extract in a 25 ml. 
bath almost abolished the response to 5-HT and somewhat depressed that 
to histamine; but it reduced only slightly or not at all responses to acetyl- 
choline and nicotine. In another experiment, after 2 ml. extract had been 
washed from the bath, 0-1g 5-HT failed to evoke contraction, which returned 
with successive doses of 0-lug to its full height within 10 min. Two ml. 
extract did not stimulate rat’s colon; it reduced by nine-tenths the response 
to 10ug 5-HT, but only by one-fifth that to 2ug ACh. From rat’s uterus 
dock extract evoked strong contraction, but after it'was washed from the bath, 
the response to 5-HT was temporarily much depressed, while that to ACh was 
unaffected. We conclude that dock leaf extract specifically antagonizes 5-HT. 

Using ileum and uterus preparations, we obtained log dose-response curves 
for 5-HT before and after applying dock extract. With both these prepara- 
tions, curves under the influence of 0-5 or 1 ml. extract had the same shape 
and height as those without it, but were shifted along the dose axis, indicating 
competitive antagonism. Two ml. extract gave intenser and less reversible 
inhibition, an effect likely to be more pronounced with undiluted leaf juice. 

With all smooth muscles used, 500 mg dock in 2 ml. extract reduced by 
more than half the response to 5 wg 5-HT. Ifa like relationship held for pain 
in human skin, 400ug dock would remove the greater part of the response to 
the 4ng 5-HT in a nettle sting. Taking into account the probably more 
intense action of undiluted juice, we think that when dock leaves are rubbed 
on to human skin, an effective amount of antagonist may well reach the site 
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of the sting, where pain due to 5-HT would outlast that due to ACh (see 
Armstrong, Dry, Keele & Markham, 1953). 

We wish to thank Mrs R. G. Hutchings for technical help, Mr J. Hopkins for identifying docks, 
Abbott Laboratories for 5-HT and the Directors of Allen and Hanburys Ltd. for permission to 
publish. 
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The effects of 5-hydroxytryptamine on the passage. of water, 
_ sodium and potassium through the isolated amphibian skin. 
. By V. R. Pickxies. Department of Physiology, The University, Sheffield 


The skin of a frog or a toad in some ways resembles a simple membrane. This, 
and the fact that it may naturally contain 5-hydroxytryptamine (5-HT), 
make it a suitable object on which to test the hypothesis that 5-HT may 
affect membrane permeabilities. 

When a piece of isolated abdominal skin from a freshly pithed frog or toad 
is bathed in glucose-free Ringer’s solution on the internal surface and distilled 
water at the same hydrostatic pressure on the external surface, water passes 
in while sodium and potassium pass out. The values found have lain within 
the following ranges: water 12-29ul. Na 0-15-0-59 wequiv cm~* 
hr~!; potassium, from traces to 0-16 wequiv cm~ hr. (The figures for potas- 
sium are only approximate, because of the difficulty of estimating accurately 
the small quantities found.) Other authors have found the normal frog skin to 
allow water to pass inwards at about 5y]. cm~* hr~, and to absorb sodium 
actively, from without inwards, at about 0-06 pequiv cm~ hr. The fluxes 
found in the present experiments may represent simple diffusions through 
membranes not in a fully physiological state. 

Addition of 5-hydroxytryptamine creatinine sulphate (0-2 mg/ml.) to 
the water bathing the outer surface has not been found to have any significant 
effect on the net water flux. In six out of seven consecutive experiments, 
however, on skin from three frogs and three toads, the addition was found to 
increase the net movement of Na by a mean of 27% and that of K by a mean 
of about 42%. Taken all together, the increases are significant (P <0-05), 
though in one of the experiments the differences were negligible. 

In the remaining experiment in this group the water movement was increased 
to 3-5 times the mean of six preceding and three following control periods; 
the Na movement to 11-6 times, and the K movement to about 15 times the 
control values. These differences are highly significant. 
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The following substances have not been found to have any significant 
effect in similar experiments: creatinine (0-2 mg/ml.) with sulphuric acid to 
give the same pH as the 5-HT creatinine sulphate solutions; tryptamine 
(0-16 mg/ml.); and lysergic acid diethylamide tartrate (1-5-20yg/ml.). 

It is concluded that 5-HT may increase the net fluxés of Na and K in this 
preparation ; and that there is a large variation from one experiment to another, 
the cause of which is unknown. 


The effect of high oxygen pressures on the red cells of vitamin 
E-deficient and treated rats. By D. W. Tayior. Department of 
Physiology, University of Aberdeen 

Previous work (Taylor, 1956) has shown that gross haemolysis occurs in 
vitamin E-deficient rats exposed to 5 atmospheres of pure oxygen. Further 
experiments were performed on sixty-four rats divided, at weaning, into eight 
treatment groups—«-tocopherol acetate (20 mg/week and 1 mg/week), 
y-tocopherol (20 mg/week and 1 mg/week), «-tocopherol acetate (25 mg on 
day before exposure), glutathione (2 mg/g body wt. subcutaneously 30 min 
before exposure), methylene blue 0-15% in the diet, and, finally, no supple- 
ment. After 12 or 18 weeks the animals were exposed to 5 atmospheres 
oxygen for periods up to 1 hr. 

Complete protection against the haemolysis produced by exposure to oxygen 
was given only by the tocopherols in the large doses. The degree of protection 
was, however, very great with these substances in the small doses, and in the 
single dose employed, and was substantial with glutathione. 

Survival rates were high in animals given tocopherols in large doses and in 
those given small doses of «-tocopherol, and were very poor in those given 
glutathione, methylene blue and in the controls. For the other two treatments, 
rates were intermediate. The partial protection against the haemolysis given 
by glutathione suggests that SH groups are implicated. Whether the outcome 
is death or survival seems to depend largely on the degree of tocopherol 
deficiency as such. 

In the earlier report (Taylor, 1956) it was stated also that the haemolysis in 
question occurred only in vivo. This requires correction. Where precautions 
are taken to ensure adequate oxygenation of samples in vitro, such as by 
stirring or by allowing them to remain under pressure for some hours, even 
at room temperature haemolysis takes place. It occurs too in samples stand- 
ing in ordinary atmospheric conditions for periods of approximately 24 hr. 
The results thus resemble those of Raiha (1955) using human foetal blood. 
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The permeability of the human red cell to labelled glucose. By 
H. G. Brrrron. Department of Physiology, St Mary’s Hospital Medical 
School, London, W. 2 


The entry of glucose into the human red cell occurs initially very rapidly, 
but there is a very marked inhibition of the rate of entry as the internal 


_ concentration rises. According to Widdas (1953, 1954) and also Wilbrandt 


& Rosenberg (1951), the reduction in permeability can be explained on a 


of empty carriers to ferry the glucose inwards. LeFevre & LeFevre (1952) 
postulated an additional inhibitory effect of glucose at high concentrations. 
Some distinction between the possibilities may be made by measuring the 
rate of penetration of isotopically labelled glucose. 

In the experiments to be described, use was made of the observation that 
when an aliquot of cells and suspending medium containing glucose and 


_ maintained at 37° C was sucked into 5 vol. of an ice-cold isotonic phosphate 


buffer of pH 6-5 containing 10-*m-HgCl,, and the mixture centrifuged 
rapidly, the glucose in the supernatant was almost entirely derived from the 


_ supernatant. The use of labelled glucose showed that radioactive exchange 


was similarly prevented. 
Aliquots of red cells equilibrated with 2400 mg glucose/100 ml. radioactively 


_ labelled and maintained at 37°C were taken, and unlabelled suspending 


medium also at 37°C added. At various intervals of time the aliquots were 
treated as above and the radioactivity of the supernatant determined. The 


_ results showed the radioactivity rising along an approximately exponential 
curve with a time for half exchange of about 4-0 sec. Experiments with the 
_ radioactivity entering the cells gave similar results. When the above experi- 
_ ments were repeated with cells equilibrated with 1200 mg glucose/100 ml., 


curves were obtained with a time for half exchange of the order of 2 sec. This 


confirmed that the results with 2400 mg glucose/100 ml. were not an artifact 


due to the time of mixing, etc., and gives some evidence for the belief that 
the rate of radioactive exchange is unchanged over the range 1200-2400 mg 


_ glucose/100 ml. Over the range 22-5°-37°C a Q,) of between two and three 
~ was found. 


From a time of half exchange of 4-0sec it may be deduced that the flux 
is of the order of 0-04 isotonic unit/sec across the red cell membrane. This 


value compares with a maximum rate for the transport of inactive glucose of 
0-01 isotonic unit/sec found by Widdas (1953, 1954). It may be concluded, 


* 


thus, that there is no evidence of any inhibition of the glucose flux at high 
sugar concentrations. If the radioactive flux is larger than the maximum rate 
of transport of inactive glucose it may also be that the glucose-carrier complex 
is more mobile in the membrane than the free carrier. 
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Antagonism to the pressor effect of adrenaline and noradrenaline 
by the ethyleneiminium ions of 2-haloalkylamine compounds. 
By J. D. P. Granam. Pharmacology Department, Welsh National School 
of Medicine, Cardiff 


Graham & Lewis (1954) described the antiadrenaline properties of certain 
2-haloethylamine congeners of dibenamine and showed, on the basis of the 


work of Chapman, James, Graham & Lewis (1952) that (a) these compounds © 


are active non-competitive antagonists of adrenaline when administered in the 
form, NR,, NR,CH,CH,X.HX, where X=Cl, Br, I but not F; (6) that 
the activity of solutions of these compounds varies with time in a manner 
directly proportional to the titratable consumption of added thiosulphate, and 
inversely as production of hydrogen ion. These findings were interpreted as 
being a measure of release of ethyleneiminium ion; (c) that activity in the 
solution is lost after a variable time. The alcoholic hydrolysis product of 
2-haloalkylamines is known to be inactive. The active intermediate must be 
unstable. 

Graham (unpublished) has reported a similar investigation of certain 
N-ethy|-N-chlorobenzyl-2-haloethylamines in which the chlorine is in the 
p-, m-, or o-position. Over a wide range of potency and variation in the time- 
activity curve pharmacological activity parallels presumed formation of ion. 
Allen (1956) and his colleague Chapman, who synthesized these compounds, 
have isolated the imine ions of the parent compounds as soluble picry] sul- 
phonates. The antagonism of these ions to the pressor response to adrenaline 
and noradrenaline has been demonstrated and measured in spinal rats and in 
dogs anaesthetized with pentobarbitone sodium, 30 mg/kg intravenously, 
the activity of sodium picryl sulphonate having first been shown to be 
negligible. The ion administered in this form is consistently more active than 
the calculated amount of ion available from the parent compound which 
indicates that release of ion even from the most active (bromo-) compounds 
is relatively slow and that inactivation occurs. The same characteristics are 
found in the antagonism exerted by the ion and by the parent compound, viz. 
that the pressor response to adrenaline is reversed non-competitively by a 
smaller dose and for a longer time than is the pressor response to noradrenaline. 

This work provides definite proof that the active chemical species in 2-halo- 
ethylamines is an unstable ethyleneiminium ion. 
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The effect of posture on sweating. By Herzen M. Ferres. R.A.F. 
Institute of Aviation Medicine, Farnborough, Hants 


Kuno (1934) stated that, in a moderately sweating condition, lying on one 
side caused a remarkable increase in sweating universally over the upper side of 
the body, very sharply bordered by the median line of the face and of the 
trunk. Takagi & Sakurai (1950) found a similar response to pressure, an 
increase in sweating on the opposite side. No consistent effect was observed on 
West Africans by Watkins (1956), who considered any effect as due to chance 
variation. 

Some experiments were conducted at 38° C dry bulb, 21° C wet bulb. The 
subject lay on one side for 15 min and then on the other side for 15 min. 
This was repeated 4 times. Sweat was collected from both sides on filter 
paper from an area of 78-5 cm*. The experiment was repeated on four subjects. 

In every case the upper side sweated more than the lower side whether 
lying on the right or the left side. 

In the case of one subject, the one who sweated the most heavily, there was 
a very noticeable appearance of sweat on the upper half of the body and a very 
rapid change when he changed from lying on one side to the other. 
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The proportionality between the amounts of 5-hydroxytryptamine 
and adenosine triphosphate in blood platelets. By G. V. R. Born, 
G.I. C. Ineram and R. 8. Stacey. Nuffield Institute for Medical Research, 
University of Oxford, and the Departments of Pathology and Therapeutics, 
St Thomas’ Hospital Medical School, London 

Recent work has suggested that adenosine triphosphate (ATP) is concerned 

with the binding and storing of biologically active amines in the adrenal 

medulla (Hillarp, Hégberg & Nilson, 1955; Blaschko, Born, D’Iorio & Eade, 

1956) and in platelets (Born, 1956a, 5). 

Human platelets can take up a limited amount of 5-hydroxytryptamine 

(HT) against a concentration gradient (Hardisty & Stacey, 1955). We have 
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therefore investigated the relation between the amount of HT contained in 
platelets before and after incubation with HT (method of Hardisty & Stacey, 
1955) and the amount of ATP in them (firefly luminescence method of Strehler 
& Totter, 1954). 

The figure shows that the maximal amount of HT in platelets after incuba- 
tion is proportional to the amount of ATP in them. Moreover, the amount 
of HT initially present in the platelets is also proportional to the amount of 
ATP, although the correlation is not quite so good. This would be expected, 
since the amount of ATP is presumably only one of several factors upon which 
the amount of HT present in circulating platelets depends. 
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Fig. 1. Relationship between the amounts of HT and ATP in platelets, © before and @ after 
incubation with added HT. 


The HT content of the platelets of a patient with a malignant carcinoid 
tumour was similar to the maximum found when platelets with the same 
ATP content were incubated with HT in vitro. In two subjects treated with 
reserpine the platelets had lost almost all their HT but their ATP content was 
normal. One of them 27 days after treatment had a normal platelet HT with- 
out change in platelet ATP. 

When platelets have taken up as much HT as they can, the molecules of 
ATP still outnumber those of HT by 3-7 to one. The results, therefore, suggest 
that HT is bound by only a fraction of the ATP present in the platelets, but 
that this fraction is proportional to the total amount of ATP in the platelets. 


Roche Products kindly supplied 5-hydroxytryptamine. 


B 
| 
| Dea 
If a 
occ 
esca 
tion 
The 
othe 
shor 
I 
care 
the 
| fo 
sys 


SOCIETY, 14-15 DECEMBER 1956 65 P 


REFERENCES 
Blaschko, H., Born, G. V. R., D’Iorio, A. & Eade, N. R. (1956). J. Physiol. 188, 548. 


Born, G. V. R. (19564). Biochem. J. 62, 33 P. 

Born, G. V. R. (19565). J. Physiol. 188, 61 P. 

Hardisty, R. M. & Stacey, R. 8. (1955). J. Physiol. 180, 711. 

Hillarp, N. A., Hégberg, B. & Nilson, B. (1955). Nature, Lond., 176, 1032. 


Strehler, B. & Totter, J. R. (1954). In Methods of Biochemical Analysis, vol. 1, p. 341. 
New York: Interscience. 


Death from shock due to fighting, among wild rats. By 8S. A. Barner. 
Zoology Department, The University, Glasgow 

If a male wild rat (Rattus norvegicus Berkenhout) enters an area already 
occupied by another male, the newcomer is usually attacked. If it cannot 
escape it may die within 90 min, or after hours or days of persistent persecu- 
tion. Death is not due to wounding, and may occur without visible injury. 
The adrenal cortex of rats attacked in this way is usually depleted of lipid; $i 
other physiological changes have not yet been studied. Rats do not die of y 
shock if handled by man. 4 

It is suggested that these facts present a physiological problem worth #4 
careful investigation. It seems likely that the primary effect of fighting is on | 
the central nervous system, but that the immediate cause of death is to be ia 
found in the resulting effects on carbohydrate metabolism or on the endocrine | 


system. 
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integrating (Film), 5P 

Polar expedition, energy balance on (man), 
(T) 19P 

Polar physiology, North Greenland expedi- 
tion 1952-54 (Film), 5P 


| 
trom p 


(rat), 24P 
,» localization of thermal stimulus 
to (calf), 48P 
Polysynaptic reflexes, tet toxin action 
on (cat), 657 


Posture, sweating affected by (man), 
63P 
Potassium, anions effect on exchange in 
muscle of (frog), 560 
nerve affecting content of 
(cat), 282 


salivary flow effect on concentration in 
saliva of (sheep), 613 
seminal vesicle mucosa incubation effect 
on concentration of (guinea-pig), 215 
sodium movement in muscle affected by 
(frog), 571 
Pregnancy, rapid test for (toad), 49 P 
Presubiculum, hippocampus response to 
stimulation of (rabbit), 178 
Procaine, muscle nerve fibres relative 
sensitivity to (cat), 263 
stretch reflex and tendon jerk affected by 
application to nerve of (cat), 245 
Progesterone, foetal loss at high external 
temperature prevention by (rat), 453 
method for determining in living animal 
relative amounts of oestrogen and 
(rabbit), 26P 
adrenal cortex enucleation and 
regeneration of (rat), 539 
Pulmonary efferent fibres, 
activity in (cat), 53P 
Pulmonary stretch receptors, veratrum 
alkaloids action on (cat), 488 


nervous 


Pulm vascular bed, hypoxia effect 
on (vat), 45 
Purkinje cells, cerebellar stimula- 


tion effect on (cat), 76 


SUBJECT INDEX 
seasonal Recurrent cardio-accelerator fibres, 


right cervical sympathetic containing 
(sheep), 58 

Recurrent laryngeal nerve, size-frequency 
distribution of myelinated fibres in 
(cat), 206 

Renal pelvis and ureter, dynamics of 
(Film), 38P 

Renin, location in kidney of (rabbit), 46 P 

Renshaw cells, tetanus toxin action on 
(cat), 664 

Respiration rate, maximum 
capacity affected by (man), 102 

Restraint, simple devices for small mam- 


substance in joint fluid in (man), 353 
Ribonucleic acid, adrenal cortex enuclea- 
tion and regeneration of (rat), 541 
Ricin, tissue changes in alimentary canal 

induced by (mouse), 30P 
Ruminants, intrathoracic pressure and 

regurgitation in (T), 
Rumination, electr 

tions associated with (T), 36P 

methods of recording gastric contraction 
and other events associated with (T), 
36P 


varia- 


Saliva, blood supply variations effect in 
Na-depletion on secretion rate and com- 
position of (sheep), 227 

composition relation to rate of secretion 

gland, protein secretion and 

phosphate turnover in phospholipids 
in vitro of (rabbit, guinea-pig), 18 

Sciatic nerve, slow sine ways effect on 
(frog), (T), 39P 

Seasonal variation, plasma antidiuretic 
activity induced by heat affected by 
(man, sheep), 1 

Seminal vesicle mucosa, ion movements 
in (guines-pig), 213 

Serotonin, amine oxidase inhibition effect 


binding by (rat), 434 
Sheep, carotid sinus reflex in, 230 
Sinus venosus, mombrane resistance 
breakdown by acetylcholine in (T), 10P 
Skeletal muscle, anions effect on Na and 
K exchange in (frog), 560 
fibrillation potentials in (rat), 522 
ionic strength and phosphate concentra- 
tion effect on tension responses of 
glycerol-extracted fibres of (rabbit), 30 
sodium movement in (frog), 567 


mals (T), 39P 
Rheumatoid arthritis, pain-producing 
Polymyxin B, tissue mast cells affected by 
*; Porphyrins, marine and other creatures 
containing (T), 40P 
F on (cat), 344 
Serum protein, radioactive thyroxine 


SUBJECT INDEX 


» Ticin action on (mouse), 
30P 
transamination of glutamic and aspartic 
acids during absorption by (dog), 442 
Sodium, anions effect on exchange in 
muscle of (frog), 560 
factors influencing movement in muscle 


saliva of (sheep), 613 
seminal vesicle mucosa incubation effect 
on concentration of (guinea-pig), 215 
Sodium depletion, parotid saliva secretion 
rate and composition affected by blood 
supply variations in (sheep), 227 
Spermatozoa, factors affecting motility of 


Strophanthin, sodium movement in muscle 
affected by (frog), 572 
Subatmospheric pressure, 

elimination affected by exposure of 
foot to (man), 171 
Subcutaneous tissue thickness, selection 
of representative sites for measuring 
(man) (T), 19P 
Substance P, irin differentiation from 
(rabbit), 122 
Sucrose-gap apparatus, non-medullated 
' nerve action potentials studied by, 2P 
Sugars, microchemical identification of 
osazones of, 28 P 
Super fecundity, experimental (mouse), 
(T), 57P 
Superior cervical ganglion, histamine, 
pilocarpine and 5-HT effect on trans- 
mission in (cat), 66 
partial denervation and return of responses 
in (cat), 137 
number, size, function and origin of 
preganglionic fibres to (cat), 136 


Supranodose nerve 
stimulation effects affected by (cat), 
186 

Surgery, arterial prostheses in 
mental and clinical (T), 39 P 


Survival at sea, channel swimmers 1955 
(Film), 5P 

Sweating, posture effect on (man), 63P 

Sympathetic nervous system, 
sprouting in (cat), 133 

Sym etic drugs, microchemical 
teste for identification of, 35P 


Temperature, .anaphylactic reaction 
affected by (guinea-pig), 320 
foetal loss and resorption due to high 
environmental (rat), 451 
foetal oxygen consumption affected by 
(sheep), 630 
peripheral metabolism of 4*'I-thyroxine 
affected by variation in (sheep), 288 
sodium movement in muscle affected by 
(frog), 570 
Tendon jerk, procaine on nerve affecting 
(cat), 245 
Tetanus toxin, motoneurone inhibition 
affected by (cat), 655 
te, mammary gland iodide 
concentrating power affected by (mam- 
mal), 647 
Thoracic vagus nerve, size-frequency 
distribution of myelinated fibres in 
(cat), 195 
Thyroid gland, temperature variation and 
181] thyroxine effect on size and histology 


serum protein binding of (rat), 426 

Thyroxine (I), environmental tempera- 
ture effect on peripheral metabolism of 
(sheep), 288 

Toe, subatmospheric pressure on foot 
effect on heat elimination from (man), 
171 

Transamination, glutamic and aspartic 
acids absorption by small intestine 

Trans-Antarctic Expedition, physio- 
logical equipment for (T), 6P 

Trichlorethylene, pulmonary stretch re- 
ceptors affected by germitrine and by 
(cat), 503 

Triiodothyronine, biliary clearance of 
(rat), 430 

Tropical anhidrosis, physiological explan- 
ation of (horse), 41 P 


Skeletal muscle nerve, procaine effect on 
fibres in (cat), 263 5 
Skin, hydroxytryptamine effect on cations 
and water passage through (frog), 
59P 
Slow muscle fibres, spontaneous potentials : 
in (frog), 511 
of (frog), 567 
nerve degeneration affecting content of 3 
(cat), 282 
salivary flow effect on concentration in 4 
(toad), 49P 
Stress, adrenal ascorbic acid and lipid in : 
wild rats affected by acute (rat), 390 
Stretch reflex, procaine on nerve affecting 
(cat), 245 | 
Striated muscle, local activation of (frog, ; 
crab), 17P 
of (sheep), 293 
Thyroid hormone, biliary clearance of 
(rat), 430 
Thyroxine, biliary clearance relation to 
sprou ng nenervavion if 
(cat), 153 
surgical approach to (sheep) 52 


Tubocurarine, subcortical action potentials 
after injection into lateral ventricle of 
(cat) (T), 18P 

» amine oxidase inhibition effect 
on (cat), 343 


Udder, improved apparatus for perfusing 
(cow), 55P 

Umbilical blood flow, gestation age effect 
on (sheep), 631 

Ureter, electrical activity measurement in 
isolated perfused, 32 P 

Urine, routine analysis by class and ‘field’ 
methods of small quantities of (T), 36 P 

Uterus, oestrus cycle and hormones effect 
on collagen content of (rat), 270 

pain-producing substance action on (rat), 

352 


Vagus nerve, fibre composition in (cat), 
182 


SUBJECT INDEX 


Venepuncture, blood clotting time affected 
by serial (man), 375 

Ventilation rate, altitude effect on (man), 
594 

Veratrum alkaloids, pulmonary and 
gastric stretch receptors and atrial 
receptors affected by (cat), 486 

Vibrissae, structure in relation to function 
of (T), 37P 

Vitamin E, erythrocyte response 40 high 
oxygen pressures affected by (rat), 60 P 


(Film), 


death from shock due to fighting among 
65P 

experiments on social behaviour of (Film), 
38P 


of 
4 XXViii 

; West Africans, heart rates of indigenous, 

52P 

Wild rats, behaviour changes following 

rhinencephalic damage in 

39 P 
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